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Development of Electrochemical Methods for Detection of Pesticides and Biofuel 
Production 
Asli Sahin 
Electrochemical methods coupled with biological elements are used in industrial, 
medical and environmental applications. In this thesis we will discuss two such 
applications: an electrochemical biosensor for detection of pesticides and biofuel 
generation using electrochemical methods coupled with microorganisms.  
Electrochemical biosensors are commonly used as a result of their selectivity, 
sensitivity, rapid response and portability. A common application for electrochemical 
biosensors is detection of pesticides and toxins in water samples. In this thesis, we will 
focus on detection of organosphosphates (OPs), a group of compounds that are 
commonly used as pesticides and nerve agents. Rapid and sensitive detection of these 
compounds has been an area of active research due to their high toxicity. Amperometric 
and potentiometric electrochemical biosensors that use organophosphorus hydrolase 
(OPH), an enzyme that can hydrolyze a broad class of OPs, have been reported for field 
detection of OPs. Amperometry is used for detection of electroactive leaving groups and 
potentiometry is used for detection of pH changes that take place during the hydrolysis 
reaction. Both these methods have limitations: using amperometric biosensors, very low 
limits of detection are achieved but this method is limited to the few OPs with 
electroactive leaving groups, on the other hand potentiometric biosensor can be used for 
detection of all OPs but they don’t have low enough limits of detection. We have 
 
developed a novel dual enzyme biosensor biosensor with OPH and horseradish 
peroxidase (HRP) for detection of OPs with phenolic leaving groups which are much 
more common than electroactive leaving groups. This biosensor was used for detection of 
dichlofenthion, an OP which does not have an electroactive leaving group.  
 Electrochemical biosensors with enzymatic layers such as the one described 
above are commonly used, however there are no clear guidelines on how to design these 
sensors. Based on the application, the biosensor might be designed for a target limit of 
detection, sensitivity and/or linear range. Simulation tools can be used to provide general 
guidelines that can be applied to a wide range of biosensors and reduce extensive 
development time. In chapter 3, reaction-diffusion equations for an enzymatic biosensor 
with saturation kinetics are solved.  Dimensionless numbers that can guide the 
researchers on designing and optimizing biosensors are presented. Additionally results 
from a formaldehyde biosensor are presented to demonstrate the use of some of the 
guidelines introduced. 
 Recently biofuel production using electricity has become an attractive area of 
research in the interface between electrochemistry and biology. Biofuel production from 
renewable resources is the challenge of our century. Bioproduction using natural 
photosynthesis routes suffers from low efficiencies. An alternative to photosynthesis is 
the use of chemolithoautotrophic organisms that are genetically engineered to produce 
biofuels. These organisms use inorganic redox mediators as their energy source instead of 
photosynthesis. A sustainable biofuel production process is feasible, if the 
chemolithoautotrophic organisms are coupled with an electrochemical reactor to recycle 
the redox mediator. We will describe the development of an electrochemical reactor that 
 
reduces nitrite to ammonia which is the natural mediator couple for the 
chemolithoautotrophic organism Nitrosomonas europaea. Using nickel and glassy carbon 
electrodes nearly 100% current efficiencies were obtained in batch electrolysis 
experiments in media optimal for N.europaea growth. Additionally effect of production 
of the potential biofuel isobutanol on cathode performance was studied. 
 A flow-by electrochemical reactor with a porous electrode was designed to 
supply sufficient ammonia to a 5 L chemostat containing wild type N.europaea. Biomass 
production using electrochemically regenerated mediator was demonstrated by coupling 
this electrochemical reactor with N.europaea chemostat. Ammonia removal and biomass 
yield for the bacteria were unaffected by the coupled operation which suggests the 
electrochemically reduced media did not alter aerobic metabolism of the bacteria.  
Reduction of nitrite to ammonia was further investigated using linear sweep 
voltammetry and electrochemical impedance spectroscopy. A limiting current plateau 
was identified in linear sweep experiments. In the pH range between 6.0 and 8.0, the flux 
of protons to the electrode were determined to cause mass transfer limitations. The same 
electrochemical methods were also used to assess the changes in performance of cathodes 
with time. Formation of a film was observed on glassy carbon and nickel electrodes. The 
film did not seem to cause any changes to the nickel electrode. On the other hand 
overpotential for the glassy carbon electrode was significantly reduced which would 
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Chapter 1 Introduction 
Biomolecules and microorganisms are promising engineering tools since they have been 
refined by evolution to efficiently perform specific tasks. They are commonly used in 
pharmaceutical, environmental and industrial applications. As well as being used alone they are 
coupled with other fields such as electrochemistry, spectroscopy and chromatography to improve 
specificity and efficiency of different applications.  
An emerging field at the interface between electrochemistry and biology aims to harness 
biomolecules for applications in biofuel production, electricity generation and detection of target 
molecules. This thesis describes two such applications: pesticide detection using electrochemical 
biosensors, and biofuel generation using electricity. Though the requirements for biosensors and 
biofuel production from electricity are very different, the goals are accomplished by combining 
advantages of electrochemical methods and biological elements.  
Electrochemical Biosensors 
Biosensors are commonly used in various applications ranging from medical to industrial, 
for detection of analytes with high selectivity and specificity. A biosensor consist of a biological 
element (bioreceptor) coupled with a physiochemical transducer to produce a signal in the 
presence of a specific analyte (1). Various types of biosensors can be designed, differing in the 
bioreceptor and transducer used. Examples of bioreceptors used in biosensors are enzymes, 
antibodies, tissues, organelles, cells and microorganisms (1). Transducers include change in pH, 
heat, conductivity, light, mass change and electroactive substances (2). Depending on the 
transducer the change in response can be measured optically, electrochemically or 





potentiometrically or amperometrically using electrochemical methods (3). Potentiometric 
sensors generally involve the use of an ion-selective electrode such as pH, ammonia or fluoride 
selective electrodes. The difference in potential across the ion selective membrane is measured 
(1). Amperometric biosensors constitute the majority of biosensors available commercially. They 
are operated at a fixed potential to measure changes in current as a result of electroactive 
substance produced in the enzymatic reaction (1).  
Developing a successful electrochemical biosensor requires combination of knowledge 
from many disciplines such as biology, electrochemistry, solid and surface physics and 
bioengineering. The biosensor response is required to be accurate, reproducible, rapid, and linear 
over the range of interest. The final product also needs to be easy to manufacture, inexpensive 
portable and easy to use (3). 
The first electrochemical biosensor was reported by Clark and Lyons in 1962 and it was 
developed to measure glucose levels in blood (4). The glucose sensor takes advantage of an 
enzyme called glucose oxidase that can specifically and efficiently oxidize glucose. When this 
enzyme is immobilized on an electrode it can produce current proportional to the amount of 
glucose present (5). After 50 years of development today glucose sensors are used worldwide by 
diabetes patients every day. 
Based on the type of bioreceptor used electrochemical biosensors can be divided into two 
groups: affinity and biocatalyst based biosensors (3). Antibodies and nucleic acids are commonly 
used in affinity based sensors where the analyte binds to the bioreceptor irreversibly and causes a 
change in the environment that can be detected electrochemically. Biocatalytic biosensors 





measured by monitoring the rate of product formation; disappearance of substrate or inhibition of 
reaction.  
Detection of Organophosphates 
 In this thesis we are going to describe an enzymatic electrochemical biosensor for 
detection of pesticides. Rapid detection of pesticides in water samples is an important 
environmental application. According to the EPA, 105 million pounds of pesticides were 
produced in the USA in 2001. Organophosphates (OPs) made up 70 % of this production (6). 
OPs are neurotoxic compounds that are commonly used as nerve agents and pesticides. Nerve 
agents belonging to this group such as sarin, soman and tabun were developed in Germany 
during World War II. In 1995 sarin was used in the terrorist attack on the Tokyo subway system 
and caused hospitalization of 5500 victims and 12 fatalities (7). Tabun and sarin were also used 
in the Iran-Iraq War. OPs irreversibly inhibit acetylcholinesterase (AChE), a serine protease 
found in central and peripheral nervous systems. The task of AChE is to terminate synaptic 
transmission by hydrolytic destruction of the neurotransmitter, acetylcholine (8). The inhibition 
of AChE by OPs leads to acute neurotoxic response (9). Due to their high toxicity, rapid 
detection of OPs has been a topic of interest.  
Analytical Methods for OP Detection 
Since the introduction of OPs to the market in the 1970s, many analytical methods have 
been developed to detect these compounds (10). Analytical techniques such as gas and liquid 
chromatography, capillary electrophoresis, enzyme-linked immunoabsorbant assay (ELISA) and 
various types of spectroscopy are commonly used for OP detection (10, 11).  One of the most 





Though this analytical technique has very low limits of detection, it has several disadvantages 
such as laborious sample preparation and decomposition of OPs at high temperatures needed for 
injection (10). Immunoassay based methods are also commonly used for OP detection. The 
advantage of immunobased methods such as ELISA, radio immunoassay and immunosensors is 
their high specificity (12). However the need to grow antibodies for each pesticide specifically, 
long analysis times and extensive sample handling are disadvantageous (13, 14). Alternatively, 
spectrophotometric methods are used for OP detection but they are limited by the matrix 
interference and long detection times (10). Though these methods are very sensitive and specific, 
they are expensive, have long sample preparation times and require trained personnel.  
Field Detection of OPs 
Field detection of OPs is essential in order to determine water quality and health risks. 
However analytical techniques described above are not suitable for field detection. To address 
the challenges associated with the use of analytical methods, electrochemical biosensors capable 
of field detection have been developed. Two main classes of electrochemical biosensors are 
based on indirect detection by cholinesterase inhibition or direct detection using 
organophosphate hydrolase (OPH).  
Electrochemical Acetylcholinesterase Based Biosensors 
Cholinesterase based sensors rely on inhibition of acetylcholinesterase (AChE) or 
butrylcholinesterase (BuChE) (10). AChE and BuChE are the two major types of cholinesterase, 
mainly differing in substrate preference (15, 16). AChE is primarily found in the blood and 





using different electrochemical techniques have been reported: (i) amperometric (17-24), (ii) 
potentiometric (25-28) and (iii) conductometric (29, 30).  
Though cholinesterase based sensors are very sensitive they have limitations, including 
lack of selectivity due to inhibition of cholinesterase by other toxic compounds (e.g. carbamates 
and organochlorines), long incubation times, multiple preparation steps and problems associated 
with reactivation of AChE (14).  
Electrochemical Organophosphorus Hydrolase Based Biosensors 
Organophoshorus hydrolase (OPH) biosensors are based on hydrolysis of OPs. OPH is a 
metalloenzyme that was first found in the bacteria Pseudomonas diminuta and Flavobacterium 
sp in pesticide contaminated soils  (31, 32). OPH has broad substrate specificity and was 
reported to hydrolyze a number of pesticides such as paraoxon, parathion, coumaphos, diazinon, 
dursban, methyl parathion and nerve agents such as sarin, soman, tabun and VX (31, 33, 34).  
The hydrolysis reaction is: 
 






where R1 and R2 are aryl or alkyl groups and X is phenoxy, thiol moiety, cyanide or fluorine 
group. 
Reaction 1 is coupled with amperometric or potentiometric methods to develop an 
electrochemical biosensor. Potentiometric transducers have been used to detect the H
+ 
produced 
during hydrolysis reaction (35, 36). Potentiometric biosensors can be used to detect a broad 
range of OPs. However high limits of detection limit their use to off-line analysis (35, 37). 
Alternatively amperometric transducers are used, if one of the hydrolysis products is 
electroactive (14, 35, 38-41). These sensors have very low limits of detection but they can only 
be used for detection of pesticides with electroactive leaving groups.  
A new method that can detect a wide class of OPs with low limits of detection is needed. 
In chapter 2, we present such an approach for OP detection using a dual enzyme biosensor 
consisting of OPH and horseradish peroxidase (HRP). Since many OPs have aromatic hydrolysis 
products such as dichlofenthion, prothiofos and s-seven, a dual enzyme electrode consisting of 
OPH and HRP can be used to detect these OPs: first, OPH hydrolyzes the OP, and second, the 
phenolic hydrolysis products acting as mediators for electron transfer (see below) are detected at 
the HRP electrode as shown in Figure 1. 
An important consideration when designing an enzymatic electrochemical biosensor is 
stability of the enzyme in operation and long term storage. The immobilization method, electrode 
material and design all affect the performance and stability of the biosensor. Various 
immobilization methods such as physical adsorption of enzyme on the electrode, entrapment in a 
polymer film, covalent bonding to the electrode surface and crosslinking are commonly 





electrode surface. By operating this electrode at the appropriate potential a reduction current is 
produced, proportional to concentration of the peroxide.  
The choice of electrode material is also very critical to biosensor performance. HRP 
sensors on different electrode materials such as gold (42-44), carbon and graphite (45-47) and 
platinum (48-50) are reported. Based on the electrode material, electrons for the reduction of 
hydrogen peroxide can directly come from the electrode (45). This is called direct electron 
transfer. When direct electron transfer is employed the electrical contact between the electrode 
and the redox active site of the enzyme is critical. To obtain good electrical contact the distance 
between the electrode and enzyme needs to be minimized.  Alternatively, mediators such as 
phenols (51-54), aromatic amines (51, 54, 55), ferrocyanide (56) and ferrocenes (57) are used to 
transfer electrons. This is called a mediated electron transfer. The reduction current at the HRP 
electrode is proportional to the concentration of the electron mediator, when a constant amount 
of hydrogen peroxide is present in the system. This principle is used for detection of phenolic 
compounds and it can be carried out at potentials as low as -50 mV vs. Ag/AgCl (58). Thus the 
described dual enzyme sensor has the advantage of detecting a large class of OPs at low 
operating potential where the background and interferences are negligible. 
Design of Electrochemical Biosensors with Immobilized Enzyme Layer 
Glucose oxidase biosensors for detection of glucose, HRP based biosensors for detection 
of hydrogen peroxide and phenols and OPH biosensor for detection of pesticides are only a few 
examples of electrochemical biosensors with an immobilized enzyme layer. Even though these 
electrochemical biosensors with enzymatic layers are commonly used in a variety of 





limit of detection, linear range and/or sensitivity. Several parameters have been identified to 
affect the performance of these biosensors such as transport of the substrate and the product 
through the immobilized enzyme layer, oxidation/reduction kinetics at the electrode, enzyme 
activity and loading and operating conditions such as pH and temperature. Of these parameters, 
increasing enzyme activity and improving enzyme loading have been studied by many groups to 
increase biosensor performance.  Advances in designing new surfaces to improve enzyme 
immobilization and in engineering the enzymes for increased activity and loading have been 
reported. During the last couple decades carbon nanotubes have been widely used to design new 
surfaces. The use of nanoscale featured surfaces result in high surface area, improved electrical 
conductivity and stability (38, 59-61). Self-assembling proteinacious hydrogels are an example 
of enzyme engineering to achieve high enzyme loadings while maintaining enzyme activity. 
These hydrogels are designed by appending alpha helical leucine zippers to the termini of 
proteins which then self-assemble into hydrogels by forming crosslinks (62-64). These advances 
have the potential to improve biosensor performance tremendously. However at the same time 
the operational space that needs to explored is broadened. This causes an increase in biosensor 
development time.  
In order to reduce the developmental time and to explore this operational space, 
researchers have used numerical solutions to the reaction diffusion equations (65-69). 
Additionally analytical solutions have been presented for limiting cases. Most of the initial 
research in this area focused on development of enzymatic glucose sensors where glucose 
oxidase is entrapped in a redox hydrogel (70, 71). Studies to extend the linear range of sensors 
(70, 72), understanding diffusion through a semi-permeable outer membrane (73, 74)  and 





reported using simulations to shorten biosensor development time and predict performance of 
sensors prior to development of a specific biosensor there is a lack of general guidelines on how 
to design a biosensor. With the improvements in immobilization surfaces and enzyme 
engineering, the need for such guidelines is ever increasing. In chapter 3, we will present 
guidelines for biosensor development. 
Biofuel Production 
Developing renewable energy sources has been one the great engineering challenges of 
21
st
 century (77-80). In year 2005, 500 exajoules of energy was used worldwide and fossil fuels 
made up 80-90% of this energy (81). With the increasing demand for energy, biofuel production 
from renewable energy is becoming even more vital.  Current biofuel production methods such 
as production of ethanol from corn (82), biodiesel from microalgae (83) and ethanol from 
switchgrass (84) have much promise. However these technologies suffer from low efficiencies of 
solar energy conversion associated with photosynthesis. The theoretical maximum for biomass 
production from photosynthesis for C3 and C4 plants is 4.6 % and 6.0 % , respectively (85) and 
in application an average efficiency of less than 1% have been reported (86). The inefficiency is 
due to losses during chlorophyll-based light absorption, carbohydrate synthesis and respiration 
(85, 87). An additional practical challenge is converting biomass into a biofuel that is compatible 
with the existing infrastructure. For a technology to produce viable alternative biofuel it is 






Reverse Microbial Fuel Cells 
 An alternative to existing technologies is proposed in figure 2 where electrical energy 
from renewable sources is used directly to produce biofuel. The system consists of a bioreactor 
containing chemolithoautotrophic bacteria that are amenable to genetic engineering to produce 
biofuel and an electrochemical reactor that can provide reducing equivalents to the bacteria. In a 
microbial fuel cell biological organisms oxidize fuels and produce electricity. In rMFC the 
system runs in the opposite direction using electricity to produce fuels, thus is referred to as a 
reverse microbial fuel cell (rMFC). With the recent advances in sustainable electrical power 
production such as wind turbines, geothermal energy, solar energy and etc., rMFCs have a lot of 
potential. Additionally rMFCs do not require use of food sources, require low land and water use 
and can easily be scaled up.  
Direct Electron Transfer 
One of the most important challenges of this process is the transfer of electrons from the 
electrode to the biocatalyst. Direct electron transfer has been reported in organisms such as 
Geobacter sulfurreducens (88, 89) and Shewanella putrefaciens (90) but the capability to accept 
electrons from an electrode is not commonly found in many microorganisms. Cells need to be 
immobilized on the electrode for direct electron transfer. This is advantageous in terms of 
retaining the biocatalyst but can present challenges related to internal and external mass 






Mediated Electron Transfer 
On the other hand, mediated electron transfer is easily scaled-up since immobilization of 
the biocatalyst on the electrode is not required. In mediated electron transfer soluble redox 
mediators are used for transfer of electrons from the electrode to the biocatalyst. This allows for 
spatial and temporal decoupling of the bioreactor from the electrochemical reactor which allows 
for simultaneous optimization of each component. Choice of mediator is critical for the success 
of an rMFC. The mediator must have fast oxidation/reduction kinetics at the electrode and in the 














-   
can act as mediators for chemolithoautotrophic 
organisms
 
(93-95). When developing an rMFC, an organism with a natural redox mediator can 
be exploited or alternatively an organism can be engineered to accept a convenient mediator.  
In this work we chose ammonia/nitrite as the mediator since it is a low cost, abundant, 
safe and soluble redox mediator couple. The chemolithoautotrophic organism Nitrosomonas 
europaea, which utilizes ammonia naturally as its sole energy source for growth was used as the 
biocatalyst. An electrochemical reactor that efficiently reduces nitrite to ammonia in electrolytes 
required for growth was developed.  
Energy Efficiency 
From a thermodynamic point of view all mediators are required to supply the same 
energy to the rMFCs. Therefore metabolic efficiency of the biological element determines the 
overall efficiency of the process. Energy efficiency, , is defined as the energy that will be 
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Energy from the fuel is estimated from the heat of combustion value tabulated in literature. Heat 
of combustion for isobutanol is           = -2670kJ/mol. For our rMFC 
  
-             
      
      (2) 
where        is the flow rate of isobutanol, I  is current  and       is the cell potential. Molar flow 
rate of isobutanol can be calculated using  a aday’s law, 
      
 
     
      (3) 
where      is the biological requirement for electrons to produce one isobutanol molecule and 
F= 96500 C/mol  a aday’s constant. Substituting equation 3 into equation 2 we find: 
  
      
 
     
 
      
 
     
          
   .  (4) 
For the rMFC in this work nbio =105 (minimum, see Appendix A for details). If we use the 
thermodynamic cell potential for Vcell = -0.91 V, we get a maximum efficiency of 29 % (see 
Appendix A for details). Depending on the source of electricity a more accurate comparison can 
be made to current technologies. For example if this rMFC is coupled with solar panels with 20 
% energy capture efficiency, the total efficiency of biofuel production would be 5.8 %. It should 
be noted that this theoretical total efficiency is on the same order of magnitude for the current 





Electrochemical Reduction of Nitrite to Ammonia 
The electrochemical reactor designed for biofuel production needs to have minimal 
power requirements, tolerance for the biofuel produced in the bioreactor, compatibility with the 
bioreactor, and high long-term performance. In this thesis we focus on the electrochemical 
reactor for reduction of nitrite to ammonia for use in biofuel production.  
Nitrate/nitrite reduction has been investigated by many groups mainly for applications of 
low level radioactive waste water treatments in alkaline solutions (96, 97). The main goal of 
waste water treatment applications is to reduce nitrates/nitrites to nitrogen gas for release to the 
environment. The most important challenge is the selectivity of the process: nitrogen has 
oxidation numbers ranging from +5 to -3, such that it is very difficult to control the final product 
of reduction. Therefore when developing a reactor for nitrite reduction one must consider the 
electrolyte composition (pH, mediator concentration, supporting electrolytes, etc.), cathode and 
anode materials, and operating conditions.  
Overview of this thesis 
The goal of this work is to present two cases in which the advantages of electrochemical 
methods are combined with specificity of biological elements. To do so we used electrochemical 
methods for detection of organophosphates and biofuel production in a reverse microbial fuel 
cell. In chapter 2, an electrochemical biosensor for field detection of neurotoxic 
organophosphorus compounds is described. The development of an amperometric dual enzyme 
biosensor that has the potential to detect a large class of organophosphates without interference 
from other species is discussed.  The model compound dichlofenthion, a seldom investigated 





In chapter 3, guidelines for the design of electrochemical biosensors with immobilized 
enzyme layers, obtained by using simulation tools are described. The guidelines are general to 
aid researchers in designing sensors with a target limit of detection, sensitivity and linear range. 
These guidelines can be used to assess sensor feasibility prior to extensive development. A 
model for reaction-diffusion in the system is presented and solved numerically.  
In chapter 4, an electrochemical reactor for reduction of nitrite to ammonia, which is the 
natural redox couple for the chemolithoautotrophic bacteria N. europaea is described. Batch 
constant current electrolysis experiments and linear sweep voltammetry are used for selecting 
cathode material. As a proof of principle a divided flow-by porous reactor is designed to recycle 
the redox mediator to a chemostat containing wild type N.europaea cells.  
In chapter 5, the flow-by reactor described in chapter 4 is used to regenerate ammonia 
from nitrite and coupled with the bioreactor containing N.europaea. Biomass generation via 
energy obtained from a soluble redox mediator is demonstrated.  
In chapter 6, the reduction mechanism of nitrite to ammonia in neutral buffered 
electrolytes is investigated using linear sweep voltammetry and electrochemical impedance 
spectroscopy. A mechanism involving acid-base equilibrium for the buffer in solution and nitrite 
reduction at the electrode is proposed. Additionally, the long term performance of nickel and 
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Figure 1 Schematic of the proposed detection scheme where the OP with a phenolic 
leaving group is hydrolyzed by OPH followed by detection of the phenolic compound by 















Energy Efficiency Calculations 
The overall reaction of isobutanol production in N.europaea is shown below: 
                         (A1) 
Based on ATP generation coupled to O2 reduction using F1F0ATPase for every mole of 
ATP 3 moles of electrons which is equivalent to 1.5 mol of NH3 is required. NADH 
generation via reverse electron transport powered by electrons from respiratory chain and 
proton motive force requires 2 moles of electrons which is equivalent to 1 mol of NH3 for 
every mole of NADH. Thus the overall NH3 and electron balance are shown below: 
 
      
   
      
    
    
                                (A2) 
 
We can calculate the thermodynamic minimum for number of electrons required to 
produce an isobutanol molecule, nthermo, by doing a material and energy balance around 
the bioreactor. The inlet stream to the bioreactor includes NH3, OH
-
, CO2 and O2 and the 
outlet stream includes NO2
-

















Figure A1  Flowchart for the N.europaea bioreactor.  
The unbalanced overall reaction around the bioreactor is shown below 
     
            
 
    
       
 
    
            
 
    
       
 
   
 
        
       
 
   (A3) 
At equilibrium       of (A3) needs to be zero using equation (A4)  
                                       (A4) 
 
























        
            
 
         
       
 
          
       
 
       
           
        
              
            
 
       
       
 
       
         
 
 (A5) 
Gibbs free energy of formation for CO2, H2O, O2 and, C4H10O can be determined using 
tabulated values and are listed below for the standard state at 298K: 
                          (A6a) 
                         (A6b) 
                     (A6c) 
                             (A6d) 
Oxidation of NH3 to NO2
-
 can be written as below: 
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The overall cell potential and the reaction are shown below 
       
 
    
       
 
   
       
 
   
  
       
 
    
       
 





                                         (A9) 
The relationship between Gibbs free energy and cell potential is defined in equation 
(A10) 
                 (A10) 
Using this equation we can calculate Gibbs free energy for reaction (A9) as shown below 
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can be calculated as 
shown below      
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We can rearrange this equation to get 
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Substituting equation (A13) into equation (A5) and using values in (A6a)-(A6d) we get 
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When we solve for nthermo we get: 
                         (A15) 
The balanced equation for the N.eurapaea bioreactor is 
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Vthermo (V) -0.91 
Maximum Efficiency 29% 
 
 
Proton Balance for the Overall System 
Another important advantage for the rMFC is the proton balance of the overall 
system. Since the reduction reaction in the electrochemical reactor is exactly the reverse 





This helps to produce an economically feasible process. Figure A2 below shows the 
flowchart for the overall process. The inlets to the process are CO2, H2O and O2. The 
overall reactions for the bioreactor and the electrochemical reactor are shown in (A17) 
and (A18), respectively. Based on metabolic flux calculations 17.5 moles of protons are 
produced in the bioreactor and the same number of moles are consumed in the 
electrochemical reactor, therefore there is no need for proton addition to the system.  
 
 
Figure A2  Flowchart for the N.europaea bioreactor and electrochemical reactor for 
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Chapter 2 A Dual Enzyme Electrochemical Assay for the Detection of 
Organophosphorus Compounds using Organophosphorus Hydrolase and 
Horseradish Peroxidase 
Abstract 
Neurotoxic organophosphorus (OP) compounds are commonly used as chemical 
warfare agents and pesticides. Due to their high toxicity, rapid and sensitive field 
detection of these compounds has been an ongoing topic of interest. Biosensors made 
with organophosphate hydrolase enzyme (OPH) are generally designed to either 
amperometrically detect an electroactive leaving group produced following enzymatic 
cleavage, or to potentiometrically detect the pH change that occurs during cleavage.  
Since OPs are more likely to have phenolic leaving groups as compared to electroactive 
leaving groups, we have developed a new amperometric dual enzyme electrochemical 
assay that enables the detection of a broad class of OP compounds by using the OPH 
enzyme combined with horseradish peroxidase (HRP). The assay has been applied to the 
detection of dichlofenthion, which does not have an electroactive leaving group and is not 
a commonly investigated OPH substrate. Using reverse phase HPLC, we have 
determined the Michaelis-Menten kinetic parameters of an engineered OPH enzyme to be 
KM = 0.11 ± 0.02 mM and kcat = 0.046 ± 0.003 s
-1
 with dichlofenthion as the substrate.   
Detection of the phenolic leaving group from the OPH enzyme reaction using the HRP 
electrode is carried out at -50 mV vs. Ag/AgCl where the noise and background are low 
and interferences are negligible.  After optimization of the solution pH, the dual enzyme 
biosensor was found to have a limit of detection (LOD) of 24 µM (7.56ppm), and a 





groups from the OP targets using the HRP electrode, this new electrochemical assay 
platform has the potential to detect a broad range of important OP compounds.    
Introduction 
Organophosphorus compounds (OPs) constitute a large fraction of the pesticides 
that are commercially available. They work by inhibiting acetylcholinesterase (AChE), 
resulting in an acute neurotoxic response in targeted pests (1); however, these pesticides 
can be highly toxic to non-targeted species as well. Nerve agents such as sarin, soman 
and VX also belong to this class of compounds. Sarin was used in terrorist attacks to the 
subway system in Tokyo in 1999 and resulted in hospitalization of 5500 victims, with 
twelve fatalities (2). Tabun and sarin were also used by Iraq in the first Persian Gulf War 
and against Kurdish rebels (3).  In 1997, a chemical weapons convention asked all its 
members to destroy all chemical weapons within a 10 year period. This resolution was 
signed by 170 countries and ratified by 139 (3).  However, the production of all OPs 
could not be banned due to their common use as pesticide. Due to their adverse 
environmental effects and high toxicity, sensitive, selective, portable and fast detection of 
OPs has been a topic of interest.  
Gas and liquid chromatography, enzyme-linked immunoabsorbant assays 
(ELISAs) and various types of spectroscopy are some of the analytical techniques that 
have been utilized for detection of OPs (4-8). These methods can have very low limits of 
detection (LOD) and they are highly selective and sensitive, however, they require 
trained personnel, expensive instruments, and elaborate sample preparation; thus they are 





Numerous biosensors have been developed in an attempt to satisfy these needs; 
and electrochemical biosensors are especially desirable for field applications since they 
are easy to manufacture and deploy, and potentially can be engineered to be highly 
selective and sensitive. Reported electrochemical OP sensors are based on either indirect 
detection by cholinesterase enzyme inhibition or by direct detection by the 
organophosphorus hydrolase enzyme (OPH) (9).  
Potentiometric and amperometric cholinesterase-based sensors have been 
reported. Cholinesterase sensors based on potentiometry rely on the pH change caused by 
the production of acetic acid during hydrolysis (10, 11). Amperometric AChE sensors are 
based on the change in concentration of the electroactive product thiocholine, produced 
as a result of hydrolysis of acetylcholine (12-14). When OPs are present, AChE is 
inhibited and therefore less thiocholine is produced. AChE sensors coupled with choline 
oxidase (ChO) are also commonly employed. The product of this coupled enzyme 
reaction is hydrogen peroxide which is a very common analyte and can be detected using 
peroxidases such as horseradish peroxidase (HRP) (15). Cholinesterase-based biosensors 
have LODs comparable to the laboratory techniques listed previously, but they can suffer 
from time consuming sample preparation, slow response, and poor selectivity (5, 16). 
 Direct detection using OPH can be utilized for a broad class of OPs since OPH 
has been reported to hydrolyze a wide range of pesticides such as paraoxon, parathion 
and nerve agents such as sarin, soman, tabun and VX (17, 18). Amperometric and 
potentiometric electrochemical OPH biosensors have been reported in the literature.  
Amperometric OPH biosensors rely on the detection of the electroactive product of the 





limited to the select few OPs with electroactive leaving groups. Most of the amperometric 
OPH biosensors reported in literature are based on anodic detection of the hydrolysis 
product p-nitrophenol at high overpotentials. Due to high operating potentials, 
interferences constitute a problem as well as surface fouling caused by the phenolic 
groups (25).  Potentiometric OPH biosensors rely on detecting the change in local pH as 
result of the hydrolysis reaction (19, 26-28). These sensors can be used for all OPs that 
can be hydrolyzed by OPH, but they do not have low LODs. Therefore, an 
electrochemical biosensor for field detection of OPs with low LOD and broad substrate 
selectivity to various OPs is needed.  
The dual enzyme electrochemical assay presented here is a new approach to the 
electrochemical detection of OPs. The main goal of this chapter is to introduce this new 
method and demonstrate its application to an under investigated pesticide that does not 
have an electroactive leaving group. Since many OPs, such as dichlofenthion, prothiofos 
and EPBP (s-seven) have aromatic hydrolysis products, a dual enzyme electrode 
consisting of OPH and HRP can be used to detect these OPs (29). In this concept, the 
OPH hydrolyzes the OP, and the phenolic hydrolysis products serve as mediators for 
electron transfer (see below), and are thus detected at the HRP electrode as shown in 
Figure 1. This concept can also be applied to many other enzyme electrodes that have 
mediated electron transfer such as laccase, tyrosinase and other peroxidase-modified 
electrode structures (30-32). 
HRP-based biosensors have been widely studied for detection of hydrogen 
peroxide since it is an important analyte produced in many coupled enzyme reactions. 






In reaction 1a, HRP is oxidized to Compound I in the presence of hydrogen peroxide. In 
the following reactions, Compound I is first reduced to Compound II and then back to 
native HRP. The electrons necessary for the reduction are either provided directly by the 
electrode surface or indirectly by means of electron mediators, shown as AH2 in reactions 
1b-c.   These mediators shuttle electrons between the electrode surface and HRP. Phenols 
(33-36), aromatic amines (33, 36, 37), ferrocyanide (38), ferrocenes (39) and iodine can 
act as mediators for the HRP electrode. The change in the concentration of the mediators 
can be detected in the presence of a constant amount of hydrogen peroxide. This principle 
is widely used for detection of phenolic compounds and it can be carried out at operating 
potentials as low as -50 mV vs. Ag/AgCl. The large number of phenols listed in the 
literature as mediators for HRP (29) suggest that this approach should work for a large 
class of OPs. Table I shows a sample list of organophosphates that have electroactive 
leaving groups and phenolic leaving groups. There are only three OPs with electroactive 
leaving groups as opposed to 11 with phenolic leaving groups of which 6 have been 
reported to be detected by HRP biosensors. Therefore, the dual enzyme electrochemical 
assay has the potential to detect a large class of OPs.  The dual enzyme assay also has 






A significant challenge in the development of new OPH-based sensors is the OPH 
enzyme itself.  This enzyme is generally not obtainable commercially, and it is a difficult 
protein to express in E. coli. This has resulted in a wide range of reported kinetic 
parameters for the enzyme as it can be difficult to obtain protein in large amounts with 
high activity.  We have recently created OPH fusion proteins where we have added 
helical appendages to the enzyme to enable it to self-assemble into enzymatically active 
biomaterials (40). A benefit of this effort is that the mutant OPH enzymes express at 
significantly higher levels under standard culturing conditions, with high activity.  
Therefore, this new OPH fusion protein was used to create the dual enzyme biosensors. 
To demonstrate the possible broad detection capabilities of the dual enzyme 
electrochemical assay we chose a rarely studied model OP compound, dichlofenthion, a 
pesticide and nematicide, which can be hydrolyzed by OPH to produce the mediator, 2, 
4-dichlorophenol, as shown in reaction 2. The mediator can then be detected using HRP 
electrodes (29, 41).    
   
 
 
Dichlofenthion hydrolysis by OPH has not been reported in the literature to the 
best of our knowledge. Thus, to confirm enzymatic activity of OPH with dichlofenthion 
we have also conducted kinetic studies using reverse phase high performance liquid 
Dichlofenthion 2,4-dichlorophenol 





chromatography (HPLC). The results of the kinetics studies and optimization of the dual 
enzyme electrochemical assay for detection of dichlofenthion are presented in this 
chapter. 
Experimental 
 Chemicals and Reagents 
 Dichlofenthion, 2,4-dichlorophenol (Fluka, 99% purity), horseradish peroxidase 
(HRP) (Type VI-A), sodium phosphate monobasic and sodium phosphate dibasic were 
purchased from Sigma-Aldrich (99% purity).  Hydrogen peroxide (30% w/v solution) 
was purchased from Fisher Scientific. The OPH fusion protein was expressed and 
purified in-house as described in Lu et al. (40). Lyophilized OPH was hydrated to an 
enzyme concentration of 75 mg/mL before use in electrochemical experiments and the 
activity was determined to be 1.6 ± 0.3 moles of substrate hydrolyzed per mol enzyme 
per second using the assay described in Lu et al. (40). All HPLC grade reagents including 
water, methanol, acetonitrile, and acetic acid were from Sigma.  Glassy carbon electrode 
rods (5 mm diameter) were purchased from SPI Supplies (West Chester, PA).  
 Kinetic Studies 
 HPLC Kinetics 
   
 All samples were analyzed using a Waters 1525 series binary pump HPLC system 
equipped with a Waters 2998 photodiode array detector and temperature controlled 





LC-8 column (15 cm x 4.6 mm, 5 µm particle size, Sigma-Aldrich).  The column was 
maintained at a constant tem e atu e of 30 ˚C.  A g adient mobile  hase was used 
consisting of methanol: acetic acid (A, 99:1 v/v) and water: acetic acid (B, 99:1 v/v).  
Both mobile phases were degassed and filtered using 0.22 µm filtering systems.  The 
flow was initially set to 35:65 A:B and changed linearly to 100:0 A:B over 20 min upon 
injection.  Flow was restored to 35:65 A:B and held for 5 min before a new injection was 
made.  The flow rate was held constant at 1.5 mL/min for all runs.  The column effluent 
was monitored by UV detection at 280 nm.  All data were recorded and analyzed using 
Empower Pro software (Waters Corporation). 
Sample Preparation 
    100µL of dichlofenthion working solution was transferred to a 1.5 mL centrifuge 
tube and was treated with 10 µL of 21 mg/mL OPH.  The reaction was maintained at 25 
˚C in a tem e atu e cont olled wate  bath ( ishe ).  The  eaction was quenched at the 
desired time by the addition of 200 µl of methanol.  The reaction products were spun 
down in 10kDa cellulose triacetate ultrafiltration tubes (VWR) at 5,000g for 5 min to 
remove the enzyme prior to injection.  25 µl injections of the product were analyzed by 
HPLC for production of 2, 4-dichlorophenol. 
Calibration Curve & Quality Control 
        Stock solutions of dichlofenthion were prepared in ethanol at concentrations of 
0.25µl/mL. Stock solutions of 2, 4-dichlorophenol were prepared in reagent grade water 
at concentrations of 1.5 mg/mL.  Working solutions at the desired concentrations of both 





solutions were made daily.  A calibration curve was prepared, accounting for methanol 
dilution, for the hydrolysis product, 2, 4-dichlorophenol, at concentrations ranging from 




 The glassy carbon electrodes were polished with alumina slurry to a mirror-like 
finish and rinsed with deionized water. 15 µl of 10mg/mL HRP was cast on the electrode 
and left overnight at 4 
o
C.  After overnight immobilization, the electrodes were rinsed 
thoroughly with buffer (42).  
Experimental Procedure  
 A homemade microfluidic device connected to two pumps was used for detection 
experiments. The design of the microfluidic device was similar to the design described in  
Willey et al. (43).  An Ag/AgCl reference electrode was included in the channel and the 
glassy carbon working electrode was embedded in the plexiglass as the working electrode 
as shown in Figure 1D. The size of the channel was 5mm x 30mm. A gasket with 0.3 mm 
thickness and tubing with a 0.5mm outer diameter was used to construct the microfluidic 
device. The flow rate of the stream was set to 0.8 mL/min. The sample stream (100mM 
phosphate buffer pH 8.0, 40 µM hydrogen peroxide, and dichlofenthion) was split into 
two streams, one of which was used as background stream and the other as the analyte. 





prior to injection. By switching between the streams and amperometrically measuring the 
reduction current at -50 mV vs. Ag/AgCl (3M NaCl), the difference between incubated 
analyte stream and background stream was determined. In all electrochemical 
experiments, a µAutolab Potentiostat (Ecochemie, Netherlands) was used to maintain a 
constant potential. A platinum wire was used for the counter electrode and an Ag/AgCl 
electrode was used as the reference electrode.  
 Results and Discussion 
Kinetics 
The hydrolysis of dichlofenthion to 2, 4-dichlorophenol by OPH follows simple 
Michaelis-Menten kinetics.  The kinetic data for various concentrations of dichlofenthion 
shown in Figure 2 were fit to the Michaelis-Menten equation using non-linear regression 
software (Sigma Plot, San Jose, CA).  Since the pH optima for OPH and the dual enzyme 
sensor are 10.5 and 8.0 respectively (40), all kinetic data were collected at an 
intermediate pH of 9.0. Similar experiments were conducted using parathion instead of 
dichlofenthion to insure the accuracy of the proposed kinetic assay and  the kinetic 
parameters for parathion were found to be very similar to those in the literature using the 
mutant OPH constructs (40) (data not shown).  The kinetic parameters obtained using 
dichlofenthion are shown in Table II along with kinetic data for other OPs from the 
literature.  Overall, the kinetic parameters indicate a rather poor activity of OPH for 
dichlofenthion with a turnover rate three to six orders of magnitude slower than what is 
reported in the literature for other OPH substrates (44, 45).   Since the hydrolysis kinetics 





not possible to assess the advantages and disadvantages of mutant OPH in this aspect. 
However in our previous work (40 ) the hydrolysis kinetics of parathion, methyl 
parathion and paroxon with the mutant OPH and wild type data presented in the literature 
were compared and the advantages of the mutant OPH were discussed.  
Electrochemical Assay Optimization 
The proposed dual enzyme electrochemical assay relies on detection of the 
phenolic leaving groups of OPs that result from hydrolysis by OPH.  Often, enzyme 
immobilization is one of the most important aspects of biosensor fabrication, but optimal 
design of an immobilized enzyme biosensor can be anticipated to be a function of the 
kinetic parameters.  Since OPH has high turnover numbers for some pesticides and low 
turnover numbers for others (Table II), we decided to adopt an approach for this first 
generation device where we incubate the pesticide with OPH prior to injection (Figure 
1c), which would allow for the construction of a biosensor that can be used for a wide 
variety of OPs regardless of their relative kinetics with the OPH enzyme.   
To optimize and determine the analytical properties of this biosensor, the HRP 
modified glassy carbon electrode was initially optimized for detection of the phenolic 
mediator. In order to optimize this electrode, the effect of hydrogen peroxide 
concentration, flow rate, and pH were studied individually. As has been reported in the 
literature, we found a saturating hydrogen peroxide concentration (~40 µM), such that 
additional hydrogen peroxide did not lead to a further change in the reduction current 
(41). The flow rate was also optimized for mediator detection (data not shown) and was 





for HRP activity is 7.0. This was confirmed in our experiments. The optimum pH for 
OPH activity is 11.0 (40). Due to different pH optima of the two enzymes, pH 
optimization of the dual enzyme system was necessary. In order to optimize for pH, 100 
µM dichlofenthion samples prepared in phosphate buffer, with pH values varying from 
7.0 to 9.0, were incubated with OPH for 10 min and the change in reduction current upon 
injection of these samples was determined.  The optimum pH was determined to be pH 
8.0 (data not shown) and all the following experiments were performed at this pH.  
Figure 3 shows the response of the HRP electrode to different mediator 
concentrations at pH 8.0. The LOD, defined as 3 times the standard deviation for the 
smallest concentration of sample detected divided by the sensitivity, is 1.36 µM, the 
sensitivity is 2.31 ± 0.09 nA/ µM and the linear range is 5-100 µM. At higher 
concentrations than 100 µM, a current plateau is reached (46), as evidenced by the signal 
measured for  500 µM 2, 4-dichlorophenol. 
Figure 4 shows the response of the HRP electrode to injections of 2, 4-
dichlorophenol (the mediator), OPH and dichlofenthion incubated with OPH for 10 min 
as compared to a background solution of dichlofenthion. Upon injection of OPH, the 
reduction current decreases slightly due to autohydrolysis of dichlofenthion in the 
background solution. When the electron mediator 2, 4-dichlorophenol is injected, an 
increase in reduction current is observed. The same behavior is observed upon injection 
of dichlofenthion incubated with OPH. We have previously found that splitting the 
sample stream and comparing treated and untreated stream reduced noise and other 





also reduce interference from autohydrolysis of the pesticide and from other phenolic 
compounds that might be present.  
In order to construct a calibration plot for dichlofenthion, the effect of incubation 
time of dichlofenthion with OPH was determined. Samples from 100 to 700 second 
incubation times were injected to the HRP flow cell. Figure 5A shows the typical 
response from such an experiment. The peak heights were determined and plotted against 
time to observe the hydrolysis kinetics of OPH with dichlofenthion as shown Figure 5B. 
The calibration curve for 2, 4-dichlorophenol was used to convert the measured currents 
upon injection of dichlofenthion incubated with OPH to mediator concentrations as 
shown in Figure 5C. Dichlofenthion concentrations used for the calibration plot were 
within the linear range for 2, 4-dichlorophenol detection determined above. Using the 
plateau values obtained by hyperbolic fits to the data shown in Figure 5B, a calibration 
curve was constructed, c.f., Figure 5C. The LOD, defined as the average value of the 
blank signal and three times its standard deviation, of the dual enzyme assay was 
determined to be 24 µM(7.56 ppm) and the sensitivity was 0.095 ± 0.024 nA/ µM (46).  
Even though the LOD for dichlofenthion is higher than the values reported in the 
literature for other OPs such as parathion using amperometric and potentiometric 
methods, this is likely due to the poor activity of OPH with dichlofenthion rather than the 
detection method. LODs for various substrates with different electrochemical detection 
methods are listed in Table III. As observed in this table it is possible to achieve LODs at 
lower micromolar range, for example 0.1µM for methyl parathion, using amperometric 
detection of the electroactive leaving group p-nitrophenol(20). However as listed in 





in this chapter which operates at 0.050V vs. Ag/AgCl. Potentiometric OPH biosensor 
reported in this table has a limit of detection of 5µM for Paraoxon and Chlorpyrifos (27). 
On the other hand ACHE based biosensor has a LOD of 0.04nM but there are other 
challenges related to use of these biosensors such as interferences from other pesticides 
and long incubation and response time(48) .The main goal of this chapter is to present a 
novel sensing principle that has the potential to detect a large class of OP compounds at 
low operating potentials where interferences are negligible. The next steps needed to 
develop this approach will be the improvement of the LOD and sensitivity using protein 
engineering approaches as well as taking advantage of the hydrogel forming capabilities 
of the engineered OPH constructs (40). This would require further analysis of the effect 
of diffusion through the hydrogel material in order to obtain an optimal biosensor design.   
However in this first generation dual enzyme biosensor we decided to choose a simple 
design that can be easily used to detect a wide range of pesticides including those with 
slow hydrolysis kinetics.  
Conclusions 
A new electrochemical assay based on the detection of phenolic products of 
hydrolysis reaction of OPs with OPH is demonstrated. Specifically, we exploit the fact 
that multiple phenolic compounds are electron mediators for the HRP electrode.  This 
dual- enzyme assay can be extended to other compounds when the OPH hydrolysis 
product is an electron mediator.  Hydrolysis kinetics of a model OP, dichlofenthion, with 
OPH was studied using reverse phase HPLC. The Michaelis-Menten parameters KM and 
kcat were determined to be 0.11 ± 0.02 mM and 0.046 ± 0.003 s
-1 
respectively. Due to 





incubates the pesticide with OPH prior to injection was adopted. The next step in the 
development of this assay will be to test real life samples and possible interferences. 
However the ability of the biosensor to operate at low potentials combined with a design 
that uses a comparison between split sample streams will likely eliminate false positive 
signals while enabling the biosensor to detect a broad range of OP compounds.  The dual 
enzyme electrode (optimized for hydrogen peroxide concentration, flow rate and pH) 
achieved an LOD of 24 (7.56 ppm) µM, and a sensitivity of 0.095 ± 0.024nA/ µM.  This 
new assay can be useful for stand-alone detection of OP compounds, or it may also be 
integrated into biomimetic toxicology sensors that aim to monitor the general safety of 
water samples (47, 49, 50).  
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Tables and Figures 
 
Table I A sample list of organophosphates that can have electroactive group and/or 



















































Table II Summary of kinetic parameters for the hydrolysis of several OP substrates by 
OPH 
OP Substrate OPH 
Enzyme 
pH kcat  (s
-1









   Mutant 
b
 9.0 0.046 ± 
0.003 
0.11 ± 0.02 4.2 ± 0.9 x 10
2
 
Parathion (37) Mutant 10.5 1.1 ± 0.1 0.050 ± 
0.005 
2.3 ± 0.2  x 10
4
 





WT 9.0 73.8 0.26 2.8 x 10
5
 


















Table III  Limit of detection of OP biosensors for various OPs.  
 
OP Substrate Enzyme Electrochemical 
Method 
LOD References 





 0.050V vs. Ag/AgCl 




0.90V vs. Ag/AgCl 
0.8µM (1) 
Parathion  OPH Amperometric 
0.9 V vs. Ag/AgCl 
3.43nM (2) 
Paraoxon OPH Amperometric 
0.75 V vs. Ag/AgCl 




0.9V vs. Ag/AgCl 
1 µM (4) 
Paraoxon OPH Potentiometric 5 µM (5) 
Chlorpyrifos OPH Potentiometric 5 µM (5) 
Paraoxon ACHE Amperometric 
0V vs. Ag/AgCl 
0.04nM (6) 
a 










Figure 1 Schematic of the dual enzyme biosensor.  OPH hydrolyzes dichlofenthion to 
produce 2, 4-dichlorophenol, which is an electron mediator for the HRP electrode.  By 
operating in the presence of H2O2, the change in current is correlated to dichlofenthion 
concentration.  Panel C shows a schematic of implementation: the sample is split into 
two, and one stream is incubated with OPH.  The correlation is developed based on 
differences in current, effectively reducing background noise and other interferences. 








Figure 2 Initial production rate of 2, 4-dichlorophenol as a function of dichlofenthion 
concentration. Each sample was prepared in 50mM Tris (pH 9.0) and measurements were 
made at 25ºC.  The resulting KM and kcat values can be found in Table II.  All data were 








Figure 3 Calibration curve showing change in current as a function of 2, 4-










Figure 4 Chronoamperometric plots showing the change in reduction current obtained by 
switching from a background stream (c.f. Figure 1C) to a second stream.  The switch 
occurred at approximately 60 seconds, and the background solution was re-introduced at 
90 seconds.  In each experiment, the background solution contained 100µM 
dichlofenthion.  In the first case (- - - -), the sample contained only 0.19 mg/mL OPH 
indicating that OPH itself does not increase current.   The heavy solid line shows the 
increase in reduction current from a sample of 100µM dichlofenthion incubated with 0.19 
mg/mL OPH.  The lighter solid line shows a positive control that a sample containing 20 







Figure 5 Characterization and calibration of the dual enzyme biosensor. Figure 5A shows 
the amperometric response of the HRP electrode with alternating injections of 
dichlofenthion only solutions and solutions of 50µM dichlofenthion with OPH incubated 
at different times.   Figure 5B illustrates the change in peak height as a function of 
incubation time. Figure 5C shows the calibration curve for dichlofenthion obtained using 
the plateau values of the hyperbolic fits(left axis), and gives the concentration of 2,4-
dichlorophenol obtained from the correlation in Figure 3 as a function of the 





Chapter 3 Design Rules for the Development of Electrochemical Biosensors using 
Immobilized Enzymes 
Abstract 
Electrochemical biosensors are commonly used for industrial, environmental and medical 
applications. However there are no clear guidelines for the design of electrochemical biosensors 
employing immobilized enzymes that will produce a targeted linear range, limit of detection and 
sensitivity. Such guidelines can be provided using simulation tools that assess sensor feasibility 
prior to extensive development. In this chapter a model for reaction-diffusion through an 
immobilized enzyme film is demonstrated. The model is resolved numerically using a finite 
difference method to solve the reaction-diffusion equations. Dimensionless numbers that can be 
used to study the effects of enzyme loading, enzymatic gel thickness, and oxidation/reduction 
kinetics at the electrode on biosensor performance were identified using Michaelis-Menten 
enzyme kinetics. Using the dimensionless numbers identified in this chapter, and the plots 
representing the effects of these dimensionless numbers on design goals, researchers can assess 
the feasibility of a proposed immobilized enzyme biosensor. Results from an electrochemical 
formaldehyde biosensor with more complex enzyme kinetics (ordered bi-bi with substrate 
inhibition) utilizing a self-assembling proteinaceous hydrogel were included to demonstrate the 
application of some of the guidelines presented. 
Introduction 
Biosensors face increasing demand for selective and sensitive detection of different 





alternative to laboratory techniques that require trained personnel, expensive equipment and 
possibly delayed response time.  Electrochemical biosensors are especially desirable for use in 
field applications because of their compact design, ease of manufacture, real time response, 
sensitivity and selectivity (3-6). They are used in many applications ranging from glucose 
detection to detection of neurotoxic agents (1, 6, 7).  There are many different sensing modalities 
that can be used for biosensor development.  Here we focus on biosensors that employ 
immobilized enzymes and the electrochemical detection of the enzymatic reaction.   
Depending on the specific application of an enzymatic biosensor, the goal might be to 
design for a target limit of detection, linear range and/or sensitivity. In Figure 1, important 
parameters that affect these goals are listed and include transport of the substrate and the product 
through the immobilized enzyme layer, oxidation/ reduction kinetics at the electrode, enzyme 
activity and loading and operating conditions such as pH and temperature. Of these parameters 
optimizing the enzyme loading and activity has been a major challenge and it depends primarily 
on the enzyme immobilization method. Different methods such as chemical modification of the 
electrode surface, entrapment in a membrane and physical absorption are commonly used to 
create enzyme layers on electrodes (8).  Two approaches that researchers focus on to improve 
enzyme loading and activity are 1) designing new surfaces to improve enzyme immobilization 
and 2) engineering enzymes for increased activity, increased loading, and/or improved 
communication with the electrode. One way to improve surface properties is using nanoscale-
featured surfaces. In the last decade, carbon nanotubes became popular for use in enzyme 
immobilization in biofuel cells and biosensors as a result of their high surface area, electrical 
conductivity and stability (9-12). Increases of ~100-fold in surface area have been reported in the 





and thus can result in low limits of detection and high sensitivities. An example of engineering 
enzymes to have increased loading is self-assembling proteinacious hydrogels. These enzymatic 
hydrogels are engineered by appending alpha helical leucine zippers to the termini of the proteins 
to add the self-assembly functionality(13-15). The self-assembling hydrogels allow for high 
enzyme loadings without the decrease in enzymatic activity that commonly occurs upon the 
addition of chemical crosslinking agents such as glutaraldehyde.  
Such advances in designing novel electrode surfaces and engineering enzymes to 
maximize enzyme loading and activity are essential to improving biosensor performance but at 
the same time they broaden the operational space and thus extend biosensor development time. 
The guidelines provided in this chapter can be used to optimize parameters that affect biosensor 
performance and can reduce experimental development time significantly. Additionally these 
guidelines can be utilized to predict sensitivity, linear range and limit of detection (LOD)s, prior 
to extensive sensor development. 
Numerical and analytical solutions to the reaction-diffusion equations have been 
presented for different cases by many authors(16-20). Analytical solutions are available for 
limiting cases, whereas numerical solutions were used to determine and optimize a wide range of 
experimental parameters(21). Many of the earlier studies have focused on optimizing glucose 
biosensors where the enzyme was entrapped in a redox hydrogel (22, 23). Simple Michaelis-
Menten kinetics was used to model the enzyme kinetics, and first order kinetics between the 
mediator and the electrode were assumed(16, 23). The effect of experimental parameters on the 
response at steady state and during a  transient  were studied (19).  Especially the behavior of the 
glucose sensor in the diffusion limited regime was analyzed since this leads to an extended linear 





(25) diffusion through a semi-permeable outer membrane(26, 27) and data analysis to determine 
kinetic constants and enzyme activity (28) were also studied by different groups.  
Even though solutions to reaction-diffusion equations have been presented for many 
cases there is a lack of general guidelines on how to design enzymatic biosensors with a targeted 
linear range, LOD or sensitivity.  The use of novel immobilization surfaces and proteinaceous 
hydrogels in biosensor development underlines the necessity for such general guidelines that can 
be applied to biosensors with significantly different characteristics such as high enzyme loadings 
and enhanced enzyme activity. 
In this chapter we use a finite difference method to outline general design criteria for 
electrochemical biosensors with an immobilized enzyme layer. Dimensionless numbers that 
affect the linear range, sensitivity and LOD are identified. Changes in these design targets as a 
function of dimensionless numbers are presented in plots that provide a powerful tool as a 
starting point for biosensor design for researchers. The general criteria described in this chapter 
were derived using Michaelis-Menten rate equation. However using the model development 
described in this chapter, researchers can identify dimensionless numbers for systems with more 
complex kinetics with saturating enzyme kinetics. This is demonstrated in the results and 
discussion section for a formaldehyde sensor. A nicotinamide adenine dinucleotide (NAD
+
) 
dependent aldehyde dehydrogenase (ALDH) with ordered bi-bi enzyme kinetics was engineered 
to self-assemble into a proteinaceous hydrogel. The effect of gel thickness on the response of this 
biosensor was investigated. Additionally the guidelines outlined in this chapter were used to 







 The schematic of the system modeled in this study is shown in Figure 2. An aqueous 
drop containing substrate (S) is placed on the electrode with an immobilized enzyme layer. As 
the substrate diffuses through the enzyme layer it reacts with the enzyme to form product (P). 
The product then diffuses through the gel, and if it is electroactive, is oxidized or reduced at the 
electrode. When modeling this system we used Michaelis-Menten equation to describe the 
kinetics within the enzyme layer  and cou led it with  ick’s law to desc ibe the diffusion of the 
product and the substrate as shown in equations (1-2):   
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where cp, cs , Dp and Ds  represent the concentrations and diffusion coefficients of the product and 
the substrate, respectively.  kcat is the catalytic rate constant in the Michaelis-Menten mechanism, 
[E] is enzyme loading, and    is Michaelis constant for the substrate. Equations (1-2) were then 
made dimensionless using: 
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 are dimensionless time, substrate 
and product concentration and distance from the electrode. The following dimensionless 
equations were obtained: 
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  where    and    are defined  below: 
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   and    physically represent the ratio of the enzymatic reaction rate to diffusion rate 
through the gel and are usually approximately equal since the magnitude of substrate and product 
diffusion coefficients are similar ( in this section we will assume    and    are the same and we 
will use   to refer to both ).     is an important design parameter that can be used to determine 
optimal experimental parameters such as enzyme layer thickness and enzyme loading. The 
dimensionless flux of product (   
  defined below) at the electrode varies largely depending on 
  . In order to illustrate this effect, the product flux at the electrode as a function of 
dimensionless bulk concentration at steady state for a range of values of    is shown in Figure 3. 
This is essentially a dimensionless calibration curve since the flux of electroactive product to the 
surface is proportional to signal and dimensionless bulk concentration is proportional to the bulk 





different concentrations in each case. As    increases, the linear range of the biosensor 
increases. Therefore operating at high    is favorable to have extended linear ranges. However, 
as    increases, the response time increases as well. The inset of figure 3 shows the time it takes 
reach steady state concentrations at different    values.  Therefore the response time and the 
desired linear range need to be optimized simultaneously.  In order to account for the response 
time in biosensor design without using transient simulations one can use as order of magnitude 
estimation for enzyme layer thickness as shown below: 
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where         is a response time chosen for the biosensor. Equation 7 provides a starting point 
for design. Optimized enzyme loading or enzyme layer thickness can be determined based on the 
targeted response time and the mass transfer and reaction kinetics of the biosensor. 
Another important design parameter is the dimensionless number, α, which represents the 
ratio of charge transfer resistance at the electrode to the mass transfer in the enzymatic gel: 
  
        
    
                  (8) 
where n is the number of electrons, F is  a aday’s constant and di/dcp is the change in current 
density at the electrode surface with respect to a change in the product concentration. This term 





determined experimentally from calibration curves.   is derived from the boundary condition for 
the   oduct at the elect ode defined using  a aday’s Law as shown in equation 9: 
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where i is current density. This boundary condition can be made dimensionless using equation 
(3) and re-written as shown below by substituting, α . 
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The concentration profile for the product within the enzyme layer for different values of α is 
shown in Figure 4. This illustrates that α has a large effect on the concentration of the product at 
the electrode and thus the signal. In figure 5, a dimensionless calibration curve is shown for 
different values of α. It is obse ved that as α inc eases, the dimensionless sensitivity, s, which is 
the slope of the dimensionless calibration curve as defined in equation 11 below increases. 
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Figure 6 shows the dimensionless sensitivity,  as a function of α and it is observed that after an 
initial increase in sensitivity a plateau is reached, at which point improving the ratio of charge 






In summary α plays an important role in the determination of the sensitivity of a 
biosensor. Higher values for α are desirable in order to achieve higher sensitivities. Sensitivity is 
also inversely proportional to LOD which can be defined as the three times the standard 
deviation of the lowest concentration that can be detected divided by the sensitivity(29). The 
linear range of the biosensor depends on   , and higher    is preferable to obtain large linear 
ranges. However response time should also be factored into the decision when choosing   . This 
can be achieved using the inequality described in equation 7. These guidelines are summarized in 
the table I. 
Experimental 
Materials and Methods 
Formaldehyde solution (36.5%), β-Nicotinamide adenine dinucleotide hydrate (NAD
+
) 
and β-NADH disodium hydrate were purchased from Sigma. Methylene Blue hydrate was 
purchased from Fluka. Screen-printed carbon (SP-C) electrodes were obtained from PINE 
Instruments (Raleigh, NC). A human aldehyde dehydrogenase (ALDH) that has been previously 
engineered to form proteinaceous hydrogels was expressed and purified as described in Kim et al 
and the kinetic parameters, which are listed in table II, were determined at a pH of 7.4 using the 
assay as previously described (30). All other chemicals were analytical grade and obtained from 
various commercial sources. 
 






The thin films of polymethylene blue (PMB) were electrolytically deposited on 0.12 cm
2
 
surface area of screen printed (SP) working carbon electrode according to a procedure described 
previously (31). In short, methylene blue film was obtained from a solution containing 1.0 mM 
of methylene blue, 20 mM sodium borate buffer (pH 9.14) and 0.1 M KCl. The process of 
polymerization included 10 scans of cyclic voltammetry from +1.2 V to –0.4 V at a scan rate of 
0.05 V/s The electrode was rinsed with water three times to remove excess MB, and was air 
dried before further modification. This immobilization produces relatively stable and 
reproducible preparations of MB films. 
Electrochemical Formaldehyde Biosensor  
ALDH catalyses the oxidation of formaldehyde to formic acid while NAD
+
 is reduced to 




 + 3H2O  HCOO
−
 + NADH + 2H
+
    (12a) 
H
+
 + NADH + MB (ox)  NAD
+
 + MB (red)               (12b) 




                              (12c) 
 
 The reaction is monitored by the oxidation of NADH using methylene blue as an 
electrochemical mediator (12c). To prepare ALDH/NAD-functionalized electrodes, a hydrogel 
of ALDH was prepared by mixing lyophilized ALDH and 5 mM NAD
+
 solution in a ratio of 1: 
0.004 (25 wt%). 0.5 - 3.2 mg of ALDH and 5 mM NAD
+
 were used for gel-film preparation on 
the working electrode surface. The fresh prepared gel of ALDH/NAD
+
 was put on the SP-C MB 





using Kapton tapes of known thickness and leveling the deposited gel to this thickness using a 
razor blade.  
Electrochemical measurements (cyclic voltammetry and chronoamperometry) were 
performed using a potentiostat (Metrohom Autolab). All measurements were done at room 
temperature in a single compartment cell (volume 0.1 mL) with screen-printed carbon working 
and counter electrodes and a standard Ag/AgCl reference electrode. Amperometric 
measurements of background and analytical signals were carried out at an applied potential of 
0.35 V vs. Ag/AgCl. The analytical signal was initiated by adding 5 µl of 50 mM formaldehyde 
prepared in 0.1M phosphate buffer (pH 7.4) on the top of gel membrane. 
Results and Discussion 
A formaldehyde biosensor was designed using an NAD(H)-dependent aldehyde 
dehydrogenase to demonstrate the use of dimensionless parameters defined in the model 
development section. The sensitivity, linear range and LOD of this sensor are inferior compared 
to formaldehyde sensors reported in the literature(2, 32). The guidelines outlined in table II were 
used to pin point experimental parameters that can be altered to improve this biosensor.  
ALDH follows the ordered bi-bi kinetic mechanism as shown below in figure 7. The 
oxidized cofactor (NAD+), A, and substrate (formaldehyde), S, react with the enzyme to form 
reduced cofactor (electroactive product, NADH), Q, and product (formate), P. The rate equation 






        
                    
     (13) 
where ν is the rate of the reaction,  cA is the concentration of the cofactor (NAD+), cs is 
concentration of the substrate (formaldehyde), Kia is the dissociation constant for cofactor A, Ks 
and KA are Michaelis constants for substrate and cofactor, respectively and Vmax is the product of 
kinetic parameter kcat and enzyme loading [E]. The formaldehyde sensor presented in this paper 
is operated at high concentrations of formaldehyde where substrate inhibition is observed. 
Therefore the following form of the ordered bi-bi equation with substrate inhibition term,    , is 
used to study this sensor (33).  
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Using equation 14 instead of Michaelis-Menten kinetics, equations similar to equations 1 and 2 
are written below for the substrate, oxidized cofactor and the reduced cofactor (electroactive 
product).  
   
  
   
    
   
 
        
        
  
   
         
  
   
           
   (15) 
   
  
   
    
   
 
        
        
  
   
         
  
   
           
   (16) 
   
  
   
    
   
 
        
        
  
   
         
  
   
           





A similar equation can be written for formate, shown as P in figure 7, if formate is detected at 
the electrode instead of the reduced cofactor. Equations 15-17 are made dimensionless using 
equation 18 below. 
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Dimensionless form of the ordered bi-bi equation with substrate inhibition is shown in equations 
19-21 where    is the same as equation 6 and assuming    and    are equal: 
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At the electrode surface the flux of substrate is zero and the flux of cofactor and the electroactive 
product are defined by the oxidation kinetics at the electrode similar to equation (10). Again if 
we assume    and    are equal, we get the following boundary conditions. 
   
  
               
   
  
 




   
 
  
    





At the enzymatic gel/solution interface the concentration of substrate is equal to its bulk 
concentration and the oxidized cofactor and the reduced cofactor are assumed to be trapped in 
the gel with zero flux at this boundary. 
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These boundary conditions are then made dimensionless using equation (18). 
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 The kinetic constants, diffusion coefficients and other parameters used in this study are listed in 
Table II.  
 
Figure 8 shows experimental and predicted steady state current responses as a function of 
gel thickness. At gel thicknesses below 50 µm the response of the biosensor increases with 
increasing gel thickness. This suggests at this region the biosensor is limited by enzyme kinetics 
and thus     . The plot goes through a maximum at 50 µm and the current decreases with 
increasing gel thickness. In this region the response of the biosensor is limited by the diffusion, 
  >>1. To fit this data an apparent enzyme concentration of 3.4 µM was used which is 1000 
fold smaller than the concentration of enzyme present in the gel. This is predicted to be due to 
the unusually large ratio of enzyme concentration to cofactor concentration in the enzymatic gel 
and differences in enzyme activity compared to kinetics measured in solution. Previously 





form proteinacious hydrogel (34). The reason of this decrease was attributed to either structural 
change of the active site or diffusion limitations within the gel. The ratio of reduction at the 
electrode to diffusion, α, is also very important in biosensor design. When designing a biosensor 
it is preferable to operate at large α as described by figure 6 and table 1. This ensures that the 
biosensor response is not controlled by electrode kinetics.  
Using the simulations, one can also construct a calibration curve for this biosensor, 
predict the sensitivity and linear range, and make suggestions to potentially improve these 
parameters. Figure 9 shows the calibration curve at an enzyme gel thickness of 50 µm.  This 
calibration curve has an unusual shape. At low concentrations the current increases as a function 
of formaldehyde concentration up to 1.2 mM . The slope at this region is 74 nA/mM and it is 
determined by the value of α as discussed earlier. At formaldehyde concentrations between 1.2 
mM and 50 mM a different slope is observed. This is followed by decay in response at 
formaldehyde concentrations higher than 50 mM. This decrease is probably due to inhibition of 
the enzyme at such high concentrations of substrate.  In order to improve the performance of the 
biosensor, the guidelines outlined in the model development section can be utilized. To increase 
the sensitivity, and also the LOD of this sensor, α should be increased. Based on Figure 6, α can 
be increased to 10. This can be accomplished by either by choosing another mediator with higher 
di/dc value or by increasing the enzymatic gel thickness. Increasing the enzyme gel thickness 
would also affect     and therefore the optimal thickness would need to be recalculated.  
Conclusions 
Many groups have used reaction-diffusion model to explain experimental behavior of 





target sensitivity, linear range and LOD. In this chapter such guidelines are outlined for a 
biosensor made with an enzyme that follows Michaelis-Menten kinetics. Dimensionless 
variables that affect the linear range, sensitivity and LOD have been identified. Plots showing the 
effects of these dimensionless variables on design targets are presented. The dimensionless 
number, α, has been identified to affect sensitivity and the LOD of a biosensor. The linear range 
and the response time were determined by     , which represents the ratio of enzyme kinetics to 
internal mass transfer resistances. An experimental formaldehyde sensor with ordered bi-bi 
kinetics with substrate inhibition was designed to demonstrate the use of criteria outlined in the 
model development section. Additionally parameters that can be rationally altered to improve 
performance were discussed. 
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NOMENCLATURE 
cA concentration of reactant A , mol/cm
3
 





 dimensionless product concentration 










csbulk concentration of substrate in bulk solution, mol/cm
3
 
csbulk* dimensionless concentration of substrate in bulk solution 
DA  diffusion coefficient of cofactor, cm
2
/s 
Dp diffusion coefficient of product, cm
2
/s 
DQ  diffusion coefficient of product, cm
2
/s 
Ds diffusion coefficient of substrate, cm
2
/s 
F Faraday's constant, C/mol 
i  current density, A/cm
2
 
KA Michaelis constant for reactant A, mM 
KS Michaelis constant for reactant S, mM 
Kia dissociation constant for reactant A, mM 
Kis inhibition constant for reactant S, mM 
kcat catalytic rate constant in Michaelis-Menten mechanism, s
-1
 
L thickness of enzyme layer, cm 
n  number of electrons transferred in reaction 
s dimensionless sensitivity 





t* dimensionless time 
Vmax product of the kinetic parameter kcat and enzyme loading, mM/s 
z distance from the electrode surface, cm 
z* dimensionless distance from the electrode surface 
 
Greek 
α dimensionless ratio of the charge transfer resistance to the internal mass transfer 
resistance and the enzyme kinetics 
ν rate of enzymatic reaction, mM/s 
ΦA dimensionless ratio of the enzymatic reaction rate to diffusion rate of cofactor 
Φp  dimensionless ratio of the enzymatic reaction rate to diffusion rate of substrate 
Φs dimensionless ratio of the enzymatic reaction rate to diffusion rate of product 
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Tables and Figures 
Table I Summary of guidelines to design an electrochemical biosensor with an enzymatic layer 






How to optimize? Refer to Figure 
Linear Range       Maximize Figure 3 
Response Time       Determine based on 
eq (7) 
Figure 3 
Limit of Detection α Maximize up to α =10 Figure 5 and 6 









Table II Kinetic parameter and diffusion coefficients used in simulations 
 
[E] 3.4 µM 
kcat 19.17 ± 16.89 s
-1
 
KA 0.98 ± 1.28 mM 
Kia 0.071 ± 0.154 mM 
Ks 1.35 ± 1.28 mM 
Kis 1.623 ± 0.916 mM 























Figure 1 Schematic showing the experimental parameters (bold outline) that affect the biosensor 
























































Figure 3 Dimensionless product flux at the surface as a function of dimensionless concentration 
of substrate for different values of    at α=0.01. Inset graph showing the time it takes to reach 



























Figure 5 Concentration profile for the product within the enzyme layer when   =10.0 for 
different values of α. Negligible charge transfer resistance; α =10, large charge transfer 
resistance; α =0 and intermediate values of charge transfer; α =0.1 and α =0.01. 
z*






















Figure 5 Dimensionless product flux at the surface as a function of dimensionless concentration 
of substrate for α=0.1, α=1, α=10, α=100.0 and α=1000.0 at  =10.0   . 
Csbulk*









































































Figure 8 Experimental (points) and predicted steady state current response at different 

































Chapter 4 Electrochemical Reduction of Nitrite to Ammonia for Use in Biofuel 
Production 
Abstract 
Biofuel production from renewable resources has recently garnered much interest, 
since natural photosynthesis routes for biofuel production can suffer from low 
efficiencies. The use of chemolithoautotrophic organisms coupled with electrochemical 
reactors, which would regenerate the redox mediator is a possible alternative for 
bioproduction. This would enable the use of renewable energy without the need for 
photosynthesis. A major challenge in application of this concept is the production of 
electrons for transfer to the biological system. We describe an electrochemical reactor for 
reduction of nitrite to ammonia, which is the natural mediator for electron transfer for the 
chemolithoautotrophic bacterium, Nitrosomonas europaea. Batch constant current 
electrolysis experiments were carried out to establish conditions leading to current 
efficiencies of nitrite reduction to ammonia that approach 100% for nickel and glassy 
carbon cathodes in media optimal for N. europaea growth. Linear sweep experiments 
were used to study the effect of the presence of isobutanol, a potential biofuel that could 
be produced by the cells.  A divided flow-by porous electrode cell was also designed as a 
proof of principle to produce sufficient ammonia in two hours per day to supply ammonia 







As global energy consumption increases, biofuel production from renewable 
energy resources will help guarantee domestic energy security.  Current methods 
employed for biofuel production frequently rely on natural photosynthesis, but these 
photosynthetic approaches suffer from low energy conversion efficiencies. The maximum 
theoretical biomass production efficiency from photosynthesis is 11.9%, and in real 
systems is closer to one percent (1). Additionally, difficulty in converting biomass to 
biofuels that are compatible with existing infrastructure presents a challenge. Clearly, 
there is a need to develop alternate approaches with improved energy to biomass/biofuel 
conversion efficiency.  
 Figure 1 illustrates an alternative approach in which electrical energy is used 
directly for bioproduction.  The system would operate like a microbial fuel cell run in the 
opposite direction, where electrical energy is used to reduce carbon dioxide into useful 
chemicals using electrochemical energy.  Coupled with the recent advances in sustainable 
electrical power production via solar energy, wind turbines, geothermal energy, etc, such 
a system has the potential to direct renewable energy into high energy organic 
compounds. Additionally the proposed approach would not have any impact on food 
sources and have low water and land use compared to photosynthetic technologies 
 Using electrical energy to drive bacteria to produce chemicals has been explored 
in microbial electrolysis cells in which cells are immobilized on an electrode and this 
improves electrolysis by acting as a catalyst and lowering the overpotential (2-4). The 
system proposed here features an electrochemical reactor (for energy capture) and a 





decoupling allows for simultaneous optimization of both processes.  One of the most 
important challenges in microbial electrosynthesis and microbial biofuel production from 
electrical energy is the transfer of electrons from electrode to the biocatalyst (typically 
microorganisms).  Electrons can either be transferred directly or indirectly via use of 
mediators. In microbial electrosynthesis direct electron transfer has been reported in 
organisms such as Geobacter sulfurreducens (5, 6) and Shewanella putrefaciens (7) but 
this capability is not widely distributed across all microorganism. For direct electron 
transfer to take place, cells usually need to be immobilized on the electrode, which is 
advantageous in terms of retaining the biocatalyst. However, the immobilization at the 
electrode can lead to internal and external mass transfer limitations (8) and the system 
may be difficult to scale-up..  
In contrast, scale-up of indirect electron transfer is easier than for direct electron 
transfer as immobilization is not necessary and mediators such as phenazines (9, 10), 
flavins (11), sulfur species (12) and H2 can be used for electron transfer. The choice of a 
mediator is critical for successful indirect electron transfer. When choosing a mediator, 
one can: 1) Exploit organisms with an inherent ability to naturally use mediators, 2) 
Engineer improved mediators for an organism, or 3) Engineer an organism to accept 
electrons from a convenient mediator. Regardless of the approach utilized, the mediator 
needs to be chemically stable, have fast oxidation/reduction kinetics at the electrode and  
the organism while also not interfering with other metabolic processes (13).  
Redox mediators that are capable of supporting chemolithoautotrophy (the 



















for all mediators but the rate of mediator regeneration and efficiency of biofuel 
production is determined by the specific biocatalyst. We can assume 50% efficiency in 
the electrochemical cell (assuming 100% current efficiency and 50% efficiency in cell 
potential due to overpotentials), however the efficiency of CO2 conversion in the 
bioreactor is still an unknown and will determine the overall efficiency of the process. 
Biofuel production using Escherichia coli has been reported in literature (17). However, 
the carbon source for production in E.coli is glucose as opposed to CO2 proposed in this 
work.  
 In this study an ammonia-oxidizing chemolithoautotrophic organism, 
Nitrosomonas europaea, was chosen as the biocatalyst and the ammonia/nitrite redox 
couple was chosen as the electron mediator to produce a biofuel such as isobutanol. As 
depicted in Figure 1, the electrochemical reactor is coupled with a N. europaea bioreactor 
to reduce the nitrite produced in the bioreactor back to ammonia (Rxn 1). 
                  
         
         
      E
0
=-0.165 V vs. SHE   Rxn 1 
Electrochemical reduction of nitrates and nitrites has been previously 
demonstrated for low-level radioactive waste treatment and drinking water treatment and 
production of industrial chemicals such as hydroxylamine (18, 19).  In water treatment 
applications the common goal is to convert nitrates and nitrites to N2 as shown in 
reactions 2 and 3 below  
                
        
     
        E0= 0.010 V vs. SHE  Rxn 2  
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A main challenge in this application is the selectivity of the reduction process to 
N2. Since nitrogen can have oxidation numbers ranging from +5 to -3 many possible 
products, such as NH3, NH4OH, NO, NO2, are possible (20). The selectivity for the 
desired product depends on the cathode, electrolyte composition, and the operating 
conditions. To determine the reaction mechanism of nitrate reduction, studies in acidic 
solutions were conducted (21).  It was determined that, in the presence of nitrous acid, the 
reaction proceeded efficiently as a result of an autocatalytic reduction mechanism (21). 
For low-level radioactive waste treatment applications, the reduction takes place in basic 
solutions (22-26).  Different cathode materials such as copper, nickel, platinum, glassy 
carbon, tin and bismuth were tested as well as bimetallic electrodes to optimize catalytic 
activity and N2 selectivity (22-26). Even though the exact mechanism has not been 
determined, it has been observed that ammonia can be the main product of nitrate/nitrite 
reduction under various operating conditions (26, 27). In drinking water treatment 
applications the reduction process is carried out in weakly alkaline solutions containing 
high concentrations of regeneration agent (sodium chloride, sodium bicarbonate, etc.) 
necessary for ion exchange processes (19, 27-31). Studies were conducted to understand 
the effect of addition of the regeneration agent, and cathodes that increase selectivity 
were identified (27, 28).  
The main objective of this chapter is to design a proof of principle 
electrochemical reactor to reduce nitrite to ammonia with high current efficiencies in 
electrolytes optimal for N. europaea growth. The requirements for the development of an 
electrochemical reactor for recycling the redox mediator for microbial bioproduction may 





nitrate/nitrite reduction in water treatment applications as identified and outlined in 
Figure 2 These requirements include tolerance to biofuels produced (in our case 
isobutanol), stability in long term operation, minimum power requirements and tolerance 
to media necessary for the bacteria growth.  
Figure 2 also presents the experimental parameters that affect these criteria, including 
catholyte and anolyte composition (pH, mediator concentration, divided/undivided cell 
configuration etc.) and the choice of cathode and anode. As can be seen in 
aforementioned studies, the reduction is highly sensitive to electrolyte composition and 
especially pH. Therefore current efficiencies and selectivity need to be measured in the 
media solution optimal for biocatalyst growth (in our case N. europaea).  This media 
contains trace amounts of metals and is maintained at a pH between 7.0 and 8.0. A few 
groups studied nitrate reduction in buffered and unbuffered catholytes at different initial 
pHs with and without pH control. High nitrate destruction efficiencies were observed at 
all pHs (29). Without pH control it was observed that the pH increased quickly to ~12 
due to OH
-
 production as shown in Rxns 2 and 3 (30). At low pH the nitrate reduction 
rate was slower (30). The choice of mediator concentration in the electrolyte is also an 
important parameter for the performance of the electrochemical cell as well as the 
bioreactor. Linear sweep and flow cell experiments were used to describe the effect of the 
mediator concentration on flow cell design. The effect of the target biofuel (isobutanol) 
was investigated using linear sweep voltammetry. In this study an undivided cell was 
used for batch constant current electrolysis studies since only a small fraction of the 
initial nitrite concentration is reduced to ammonia. However in the flow-by reactor, high 





employed to prevent ammonia oxidation back to nitrite.  The anolyte and anode are also 
important for the overall system performance, but this is not a focus of the present study.  
Nickel, copper and glassy carbon were chosen as potential cathodes in this study 
based on results described in the literature. Copper was found to be highly active for 
nitrate reduction both in basic and weakly alkaline solutions, whereas nickel seemed to be 
more selective for nitrite reduction (22, 28). Glassy carbon was investigated as a cathode 
candidate because of its inertness in biological systems. Performance and current 
efficiencies of these materials were studied in batch electrolysis experiments and in flow-
by porous electrodes.  Different anode materials such as stainless steel cloth and mesh, 
nickel plate and dimensionally stable anodes were also evaluated for their effect on cell 
potential and long term performance in the flow-by electrochemical reactor. 
The choice of cathode and anode plays an important role in determining power 
requirements.  Assuming oxygen evolution at the anode, the overall cell reaction for the 
electrochemical reactor can be written as below: 
                        




      
   Ecell= -0.497 V   Rxn 4 
Using the Nernst equation, the thermodynamic cell potential for Rxn 4 was determined to 
be -0.497 V at a pH of 7.0.  This potential combined with overpotentials measured at the 
cathode and anode dictate the power requirements of the electrochemical reactor which is 






Chemicals and Reagents 
 Sodium phosphate dibasic, sodium phosphate monobasic, sodium nitrite, sodium 
nitrate, ammonium sulfate and 2 methyl-1-propanol (heretofore referred to as isobutanol) 
were purchased from Sigma-Aldrich. Sodium chloride (A.C.S reagent grade) was 
purchased from EMD Chemicals Inc. and sodium hydroxide 50% w/w and hydrochloric 
acid were purchased from Fisher Scientific. Growth media used in constant current 
electrolysis experiments contained the following chemicals (mg/L): MgSO4·7H2O (200), 
CaCl2·2H2O (20), K2HPO4 (87), Na2MoO4·2H2O (0.01), MnSO4·H2O (0.017), 
CoCl2·7H20 (0.0004), CuCl2·2H2O (0.17), ZnSO4·7H2O (0.01), and chelated iron (1) (32, 
33).   
Linear Sweep Voltammetry 
 Linear sweep voltammetry experiments were conducted using a µAutolab 
Potentiostat (Ecochemie, Netherlands). Glassy carbon rotating disk electrodes (3.0 mm 
diameter) were produced in-house as described in Gallaway et al. (34). After each 
experiment they were polished with alumina slurry to a mirror-like finish and rinsed with 
deionized water.  Nickel rotating disk electrodes were produced by freshly plating nickel 
using Watt’s solution on  latinum  otating disk elect odes (4.0 mm diameter). A 
Ag/AgCl reference electrode and platinum wire counter electrode were used in these 
experiments. Phosphate buffer (100 mM) containing various concentrations of nitrite, 
nitrate and isobutanol were prepared fresh before each experiment and the exact 





performed in duplicate with a sweep rate of 5.0 mV/s to scan between 0.2 and -1.6 V vs. 
Ag/AgCl 
Constant Current Electrolysis Experiments 
 An undivided, three-electrode cell setup was used for constant current electrolysis 
experiments. Copper (1.5 mm) and nickel (2.0 mm) wire were both purchased from Alfa 
Aesar (Puratonic 99.999 %). Reticulated vitreous carbon (RVC; 10 pores per inch (ppi)) 
was purchased from Erg Materials and Aerospace (California, USA).  All electrodes used 
as working electrode had a surface area of 13 cm
2. 
A Ag/AgCl was used as the reference 
electrode and 52 mesh woven platinum mesh purchased from Alfa Aesar was used as the 
counter electrode. To obtain sufficient ammonia concentrations to allow for quantitative 
analysis of current efficiency, constant current was applied for 1 hr using µAutolab 
Potentiostat, Princeton Applied Research Potentiostat/Galvanostat, and Autolab 
Biopotentiostat instruments depending on the applied current range.  All experiments 
were repeated at least three times. Samples were collected and filtered using 0.22 µm 
filters for ammonia measurements. Gas-sensing ammonia electrodes (Thermo Scientific) 
were used to determine ammonia concentrations (35). All ammonia measurements were 
performed in duplicate.  
Flow Cell Experiments 
 The schematic of the home-made flow-by electrolysis cell is shown in Figure 3. 
Glassy carbon and nickel porous electrodes were used as the cathode and nickel plate 
(Alfa Aesar), stainless steel cloth (mesh size 325, Small Parts) and dimensionally stable 





separated by a cation exchange membrane purchased from Snowpure (California, USA).  
80 ppi glassy carbon electrodes with an interfacial area of 49 cm
-1
 were obtained from 
Erg Materials and Aerospace (California, USA) with the following dimensions (0.5 cm x 
10 cm x 5.0 cm). Contact to these electrodes was established using toray paper (Fuel Cell 
Store) and conductive carbon cement adhesive (SPI Supplies, West Chester, PA).  Porous 
nickel electrodes (90 ppi, 420 g/m
2
, 580 micron pore size with 1.7 mm thickness) were 
supplied by INCOSP (Canada).  Power supplies (Agilent Technologies and GW Instek 
Group) were used to apply the required currents. Current densities reported in this chapter 
were set based on the cross-sectional area (50 cm
2
) of the porous electrodes. Current 
densities based on estimate of real area (volume times interfacial area) of the electrode 
are also included in parenthesis. A peristaltic pump (Masterflex, Cole Palmer) was used 
to control the flow of catholyte and anolyte at a rate of 0.8 ml/s. The composition of the 
catholyte and anolyte used in each experiment is indicated below the figure. Each 
experiment was conducted once and the ammonia measurements were done in duplicate.   
 
Results and Discussion 
Linear Sweep Voltammetry 
Linear sweep voltammetry experiments were used to characterize the reduction 
behavior of nitrite and nitrate, including the effect of nitrite concentration as well as 
potential fouling by isobutanol. Since nitrite is the primary product of ammonia oxidation 
by N. europaea (36) , electrochemical reduction of nitrate is not necessary for microbial 





performed for comparison and to allow for reconciliation of the findings in this chapter 
with existing literature. In Figure 4, linear sweeps of 1.0 M sodium nitrite in 100 mM 
phosphate buffer at a pH of 7.0 are shown for glassy carbon and nickel rotating disk 
electrodes. A mass transfer limited plateau starting from ~ -0.6 V vs. Ag/AgCl is 
observed for nickel.  A plateau was not seen for glassy carbon, possibly due to the shift in 
overpotential to more negative potentials, leading to an overlap with hydrogen evolution.  
The limiting current was observed to increase linearly with the square root of rotation 
speed.  Given the Levich equation,  
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 and goes through the origin as shown in the 









/s  and n = 6, the calculated 
concentration difference  c from the Levich equation is 2.6x10-3 M. 
 In order to determine whether the plateau observed for nickel experiments is due 
to the mass-transfer rate of nitrite to the electrode, linear sweeps in solutions with 
different concentrations of nitrite were performed as shown in Figure 5. To keep the 
conductivity and cation concentration constant (1.1 M Na
+
), different amounts of sodium 
chloride were added to each solution used in this experiment. Thus the IR drop 
differences that might result due to different electrolyte conductivities were minimized.  
The limiting current did not change with increasing concentration of nitrite above 20 mM 
which is consistent with literature (37, 38) and implies that the limiting current is not due 





reduction mechanism of nitrite suggested that the first step of the reduction was 
formation of NO adlayers on the electrode surface followed by formation of NH3, NH2O 
or other products (37). The cause of the mass-transfer limitation has not yet been 
determined. 
In Figure 6 polarization curves obtained with solutions of 100 mM phosphate 
buffer with 1.0 M sodium chloride, 1.0 M sodium nitrate and 1.0 M sodium nitrite are 
shown for a nickel electrode. The reduction current for nitrite is higher than the reduction 
current for nitrate on both cathode materials (glassy carbon polarization curves are not 
shown). This was observed previously by other authors and suggests that nitrite reduction 
is kinetically faster than nitrate reduction (28). 
Figure 7 shows the effect of 50 mg/L isobutanol addition on nitrite reduction, 
when isobutanol is added to the nitrite solutions, no significant change in the current 
response was observed. The concentration of isobutanol used in this study is based on the 
half maximal inhibitory concentration (50 mg/L) of isobutanol for N. europaea (data not 
shown) because this is anticipated to be the maximum concentration of isobutanol 
concentration in the recycled stream that will be electrochemically processed (c.f., figure 
1). 
Based on these results we can conclude that a mass transfer limited plateau is 
observed for nickel. This plateau is not due to nitrite concentration but the cause is not 
yet determined. The data for nitrate reduction suggests that compared to nitrite reduction 





with the biofuel suggested that addition of isobutanol did not affect nitrite reduction 
behavior.  
Constant Current Electrolysis  
Constant current experiments were performed to determine current efficiencies of 
different cathode materials for nitrite and nitrate reduction in 100 mM phosphate buffer at 
a pH of 7.0 and for nitrite reduction in media solution that includes trace metals. Current 
efficiency was defined as the ratio of charge spent for nitrite reduction to ammonia to 
overall charge passing through the system as shown in equation 2 below: 
Current Efficiency % 
    
      
 
       
  
     (2) 
where     is the charge for nitrite reduction to ammonia,        is the total amount of 
charge passed through the system,     is the concentration of ammonia measured at the 
end of each experiment, V is the volume of the electrolysis solution, n is the number of 
electrons, which is six for reduction of nitrite to ammonia as shown in reaction 1, F is 
 a aday’s constant, t is time and I is current applied.  Figure 8 shows the current 
efficiencies for nickel, copper and glassy carbon in phosphate buffer solution containing 
1.0 M sodium nitrite. This figure suggests that current efficiencies between 80 and 100 % 
are achieved using all three electrodes. An undivided cell was used for these experiments, 
such high current efficiencies obtained suggest that oxidation of ammonia at the anode 
was not an issue in this set-up with low conversion of nitrite to ammonia. Current 
efficiency data for nitrite reduction in media solution and nitrate reduction in buffer 





reduction to ammonia, equation 2 is used with number of electrons increased from 6 to 8.  
As seen in this table, the copper cathode was only used in nitrite-reduction experiments. 
Formation of a dark surface film on copper was observed, and therefore this cathode 
material was not further investigated. Previously such layers on copper were reported by 
several groups and were claimed to be due to formation of CuH and CuH2 (23). Even 
though current densities used in these experiments might seem small when high surface 
area porous electrodes are used as described in the next section they lead to small reactors 
that are comparable to commercial water electrolyzers (39). 
It should also be noted that the current efficiencies for nitrate reduction were 
lower than current efficiencies for nitrite reduction. A shift to more negative potentials, 
where H2 evolution occurs, was observed in the case of nitrate reduction (data not shown) 
which would explain the decrease in current efficiency. This shift to more negative 
potentials was also noted in linear sweep experiments of previous section. Current 
efficiencies of nitrite reduction in media solution were found to be slightly lower than 
current efficiencies in buffer solution, presumably due to ammonia volatilization 
(reducing the ammonia measurement). This is thought to be due to the low buffering 
capacity of the media solution as compared to the buffer solution. Since there is minimal 
buffering in the media, reaction 1 leads to an accumulation of OH
-  
resulting in an 
increase in pH to ~12 in the growth media whereas in the buffer solution, similar 
experiments lead to a final pH of ~9. At these high pH values the ammonia–ammonium-
ion equilibrium is shifted toward ammonia gas, which can escape the system during 
experiments. In order to confirm this assumption experiments with the media were 





of a pH controller and addition of 5.0 M hydrochloric acid. Current efficiency of 100 %  
± 9.0 was obtained after a single pass through the flow-cell as reported elsewhere (40).  
 Experiments to determine the overpotential required by different electrode 
materials were also conducted to screen which cathode would be most suitable for 
minimum power requirements.  The overpotential required for nitrite reduction using 
glassy carbon, nickel and copper cathodes were determined using constant current 
experiments in an undivided cell. It was determined that the lowest overpotentials were 
required when nickel cathodes were used and the highest overpotentials were obtained at 
glassy carbon electrodes (manuscript in preparation). Figure 9 shows the potential of a 
nickel rotating disk electrode at different current densities. The overpotential at the 
cathode can be calculated by subtracting the thermodynamic potential from the operating 
potential. For example at an applied current density of 5.0 mA/cm
2
 the operating 
potential is -0.56 V vs. Ag/AgCl and the thermodynamic half cell potential is 0.120 V vs. 
Ag/AgCl (0.317 V vs. SHE).  Therefore the cathode overpotential is (-0.56 - 0.120) = -
0.68 V, suggesting that cathode optimization studies are warranted. 
At the anode, oxygen evolution takes place. This reaction has been optimized for 
various industrial processes such as water electrolysis in alkaline solutions and metal 
electrowinning in acidic electrolytes (39). Overpotentials as low as 0.400 V in sulfuric 
acid solutions were reported with composite electrodes (41). Using these overpotentials 
(680 mV for the cathode and 400 mV for the anode) and the thermodynamic half-cell 
potentials at the appropriate pH, one can estimate that a cell potential less than 2.0 V may 





the overall system is developed, improvements in the cathode may indeed lead to further 
reductions in potential. 
Based on these constant current experiments glassy carbon and nickel cathodes 
prove to be viable candidates for reduction of nitrite to ammonia in N. europaea media in 
the flow-by reactor. A cell potential of 2.0 V is predicted for the flow-by cell based on 
measured cathode overpotentials.   
Flow Cell 
Based on linear sweep and constant current electrolysis data and the requirements to 
feed a 5.0 L bioreactor, a divided flow cell shown in Figure 3 was designed. Constant 
current electrolysis results suggest that nitrite reduction to ammonia can be performed 
with high current efficiencies. The divided flow-by reactor was used to determine 
whether such high current efficiencies could be maintained at high conversions of initial 
nitrite concentrations. Additionally the flow system was used to identify any issues that 
will be important in long term operation of an electrochemical reactor used for recycling 
redox mediator for microbial biofuel production.  A flow-by system was preferred over a 
flow-through system since ohmic potential drops can be minimized in these systems (42). 
Porous glassy carbon and nickel electrodes were used as cathode materials in this flow 
cell. Previously the advantages of using porous electrodes as opposed to plate electrodes 
for nitrate reduction in low-level radioactive waste application was demonstrated (18, 
43).  High current efficiencies were reported with both cathode materials. The current 
efficiency of single pass nitrite reduction at different superficial current densities varying 
from 4.4 to 49 mA/cm
2





100 %. Such current densities may be too low for economical scale-up, but the media 
(i.e., the electrolyte) may also be re-engineered in the future to allow for high current 
densities, while also sustaining the bacteria in the bioreactor.   This optimization is 
necessarily coupled with microbiological characterization.  Since the flow-by cell was 
operated to have ~10 % conversion of nitrite to ammonia in a single pass, the catholyte 
was recycled multiple times as shown in Figure 3 to achieve desired conversions.  Figure 
10 shows the current efficiency as a function of nitrite conversion to ammonia for glassy 
carbon and nickel electrodes at different initial nitrite concentrations. Current efficiencies 
of 80-100 % are observed for both materials at high concentrations (100 mM sodium 
nitrite), which is consistent with constant current electrolysis experiments.  
The concentration of nitrite in the catholyte is an important experimental parameter 
that affects the performance of the flow cell and the overall performance of the system. 
As observed in this plot, at high conversions (corresponding to lower concentrations of 
nitrite), current efficiency decreases. This is assumed to be due to mass transfer 
limitations that occur at low concentrations of nitrite.  
The performance of the anode and cathode in long term operation as well as changes 
in catholyte composition need to be determined. We have verified that the cathode 
performance does not deteriorate when exposed to media effluent from the bioreactor 
(40), an important milestone for establishing an integrated system. Different materials 
such as stainless steel, nickel plate and dimensionally stable anodes were tested for 
suitability as anode materials. The choice of anode was not observed to affect the current 





both nickel plate and stainless steel anodes showed signs of corrosion after long term 
usage. 
As shown in figure 3 the flow-by system was designed to have a cation selective 
membrane between the anode and the cathode to prevent oxidation of nitrite to nitrate or 
ammonia to nitrite at the anode during long term experiments. In this configuration the 
choice of anolyte was observed to affect the cell potential and exit pH of the catholyte. In 
the previous section based on overpotentials measured at the cathode and overpotentials 
presented in the literature for oxygen evolution an overall cell potential of 2.0 V was 
predicted. Experiments were conducted in a batch divided cell and a cell potential of 2.5 
V was achieved at 5.0 mA/cm
2
 without an optimized anode. However, in the flow-by 
reactor the lowest cell potential achieved was 4.0 V. We believe the difference is largely 
due to IR losses and can be minimized with improved design of the flow cell and the 
media (which as discussed above can be further optimized).  In the divided system the 
choice of anode is also very important, when phosphate buffer at a pH of 7.0 was used as 




M) was not sufficient to compensate for the 7.0 
OH
-




M) is the 
primary charge carrier through the cation exchange membrane.  Thus significant pH 
changes in the catholyte effluent were observed.  pH changes were less significant at 
short times when an acid electrolyte was used. This is illustrated in Figure 11 where 
changes in catholyte pH for different anolyte solutions varying from phosphate buffer at 
pH 7.0 to 3.0 M sulfuric acid are shown. 
For long term, operation we recognize that the system may require an acid source 







 per mole of ammonia converted to nitrite; however, when carbon fixation 
and biomass production requirements are considered (using a yield value of 0.14 mg 
biomass/mg ammonium as N oxidized (44) , this value decreases to 1.8 moles H
+
 per 
mole of ammonia oxidized (44). Based on Rxn 4, 2.0 moles of OH
-
 are produced for 
every mole of ammonia produced. The imbalance between the two processes would 
result in acid addition to the overall process in long term operation, but the precise 
amount of protons must be determined with the genetically modified organism actively 
producing isobutanol in the bioreactor. As additional process data are available, acid 
consumption will be an important factor for establishing process feasibility.  Preliminary 
studies suggest however, that electrical power requirements for the electrochemical 
reaction may be the primary economic consideration.  Of course, the overall promise of 
such a microbial biofuel production depends on many factors, especially the biochemical 
efficiency of the bacteria to utilize electrons for biofuel production (a certain fraction of 
these electrons are also required for cell growth and maintenance). 
Flow cell experiments presented here suggest nitrite reduction to ammonia in N. 
europaea media is highly efficient when nickel and glassy carbon electrodes are used. 
Some of the issues that might be very important in long term operation were identified.  
Optimization of the designed cell is warranted to reduce cell potential to predicted 
potentials of 2.0 V.  
Conclusions 
 In this chapter, development of a proof of principle flow-by electrochemical 





described. Requirements for such a reactor were outlined and the parameters effecting 
these requirements were identified. Based on previous nitrate/nitrite reduction literature 
three cathode materials (glassy carbon, nickel and copper) were tested. All three cathode 
materials showed high current efficiencies for nitrite reduction to ammonia in buffered 
solution. However, the formation of a surface layer was observed on the copper electrode, 
and therefore it was not investigated as extensively. Glassy carbon and nickel cathodes 
also showed high current efficiencies in the media solution. The addition of the biofuel of 
interest, isobutanol, to the electrolyte did not affect the linear sweep experiments. A 
divided flow-by system consisting of a porous cathode and a planar anode separated by a 
cation exchange membrane was designed, and scale-up to a flow system was 
demonstrated. Anolyte and choice of anode were found to affect the cell potential and 
catholyte pH. Various anode materials were tested such as stainless steel mesh and cloth, 
nickel plate, porous glassy carbon and dimensionally stable anodes. All these materials, 
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Tables and Figures 
Table 1 Current efficiencies after 1hr electrolysis experiments in an undivided cell with 












Buffer pH 7.0 





Buffer pH 7.0 







Nickel 1 84 ± 5.8   
 5 96 ± 18 59 ± 3.4 87 ± 1.5 
 10 99 ± 5.7 63 ± 2.1 76 ± 4.8 
 20 100 ± 4.4 62 ± 2.0 77 ± 1.8 
Glassy Carbon 5 90 ± 3.8 68± 13 78 ± 1.7 
 10 86 ± 0.6 60 ± 12 83 ± 6.9 
Copper 1 100 ± 24   
 5 95 ± 10.5   
 10 86 ± 2.2   







Figure 1 Schematic showing the electrochemical cell where nitrite is reduced to 
ammonia and the bioreactor where chemolithoautotrophic cells oxidize ammonia back to 







Figure 2 Chart outlining the requirements (circles with bold outline) for an 
electrochemical reactor supplying mediator for microbial biofuel production and 







Figure 3 Schematic of the divided flow-by electrolysis cell consisting of a porous 







Figure 4 Panel A and B show polarization curves obtained on glassy carbon and nickel 
rotating disk electrodes in 1 M sodium nitrite and 100 mM phosphate buffer at a pH of 
7.0, respectively, at different rotation speeds and at a scan rate of 5.0 mV/s.   The inset 
shows the limiting current as a function of square root of rotation speed for nickel 







Figure 5 Polarization curve of a nickel rotating disk electrode in 100 mM phosphate 
buffer at a pH of 7.0 with 0, 5.0, 20, 100, 1000 mM sodium nitrite and required amount 
of sodium chloride to achieve 1.1 sodium ion concentration. Inset shows the current 







Figure 6 Polarization curves taken on a nickel rotating disk electrode at 400 rpm in 100 
mM phosphate buffer (pH 7.0 and 1.0 M NaCl), 100 mM phosphate buffer at a pH of 7.0 







Figure 7 Current as a function of potential for different rotation speeds for nitrite 
reduction on nickel (sweep rate was 5.0 mV s
-1
) in 100 mM phosphate buffer at a pH of 
7.0 and 1 M sodium nitrite and 100 mM phosphate buffer pH 7 .0 and 1 M sodium nitrite 







Figure 8 Current efficiencies for different cathode materials at varying current densities: 
copper (rectangles), nickel (triangles) and glassy carbon (circles) in 1.0 M sodium nitrite 
solution in 100 mM phosphate buffer at a pH of 7.0 after 1 hr of electrolysis in an 







Figure 9 Constant current experiments in 100 mM phosphate buffer at a pH of 7.0 and 













Figure 10 Current efficiencies in the flow-by reactor (divided cell) for different starting 
concentrations of nitrite (20, 50, 100 mM sodium nitrite in 100 mM phosphate buffer at a 

















Figure 11 Change in the catholyte pH for different anolytes in the flow-by (divided cell): 
50 mM phosphate buffer at a pH of 7.0 and 50 mM sodium nitrite (filled circles), 0.5 M 
sulfuric acid (empty circles), 2.0 M sulfuric acid (triangles) and 3.0 M sulfuric acid 









Chapter 5 Biomass Production from Electricity Using Ammonia as an Electron 




The storage of renewable electrical energy within chemical bonds of biofuels and 
other chemicals is a route to decreasing petroleum usage.  A critical challenge is the 
efficient transfer of electrons into a biological host that can convert this energy into high 
energy organic compounds.  In this chapter, we describe an approach whereby biomass is 
grown using energy obtained from a soluble mediator that is regenerated 
electrochemically.  The net result is a reverse microbial fuel cell (rMFC) that fixes CO2 
into biomass using electrical energy.   We selected ammonia as a low cost, abundant, 
safe, and soluble redox mediator that facilitated energy transfer to biomass. Nitrosomonas 
europaea, a chemolithoautotroph, was used as the biocatalyst due to its inherent 
capability to utilize ammonia as its sole energy source for growth. An electrochemical 
reactor was designed for the regeneration of ammonia from nitrite, and current 
efficiencies of 100% were achieved.  Calculations indicated that overall bioproduction 
efficiency could approach 2.7 ± 0.2% under optimal electrolysis conditions. The 
application of chemolithoautotrophy for industrial bioproduction has been largely 
unexplored, and results suggest that this and related rMFC platforms may enable biofuel 
and related biochemical production. 
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The production of biofuels and related chemicals from renewable resources has 
emerged as one of the great engineering challenges of the 21
st
 century (1-4).  The 
exploitation of photosynthetic organisms has been the predominant paradigm used for 
producing biomass, biofuels, and related chemicals. However, this approach is 
intrinsically limited by the low energy capture and transfer efficiency of photosynthesis.  
Zhu et al. (2008) have suggested that the theoretical maximum efficiency of solar energy 
conversion to biomass for C3 and C4 plants is 4.6% and 6.0% respectively at an 
atmospheric carbon dioxide (CO2) concentration of 380 ppmv and 30
0
C (5), yet the 
highest reported conversion efficiencies for C3 and C4 plants are 2.4 and 3.7% 
respectively (6), with a practical average conversion efficiency under 1% (7). These 
progressively lower conversion efficiencies in applied systems are the cumulative result 
of energy losses during chlorophyll-based light absorption, energy transfer during 
carbohydrate synthesis, and respiration (both photorespiration and 
mitochondrial/bacterial respiration) (5, 8). Further complicating the use of photosynthesis 
for bioproduction is the difficulty in processing lignocellulosic biomass into a biofuel 
product that is compatible with existing infrastructure.  
Circumventing these challenges will require the development of new technologies 
that simultaneously improve energy capture and transfer to biosynthetic pathways 
optimized for production of useful compounds (9-14).  One way to address this challenge 
is through the development of reverse microbial fuel cells (rMFCs).  In a standard 
microbial fuel cell, organisms oxidize organic fuels and transfer electrons into an 




process is reversed so that electrical energy is used by cells to drive carbon dioxide 
fixation to high energy organics. The critical challenge for this approach is that energy 
must be efficiently transferred from an electrode into a biological host which is capable 
of using this energy for biosynthesis.  rMFC platforms could have a significant impact in 
the biofuel and biochemical arena as they would be capable of using electricity generated 
from all renewable sources including wind, geothermal, hydroelectric, nuclear, and solar.  
They could be used in a variety of global locations, and they could be used for long term 
storage of excess electrochemical energy. 
One approach to creating rMFCs is to use direct electron transfer from an 
electrode to the cells.  This has been termed microbial electrosynthesis (15). While this 
energy transfer can be accomplished directly, where electroactive cells in a biofilm utilize 
electrons from an electrode for anabolism (15, 16), diffusion issues and the requirement 
for 2-D biofilms make direct microbial electrosynthesis a challenging proposition.  
An alternative approach to creating rMFCs is to use soluble electron mediators 
that facilitate spatial and temporal decoupling of energy capture and bioproduction.  This 
can allow both processes to be operated and optimized separately. And, the use of a 
mediator enables the use of planktonic cells in the bioreactor and these 3-D systems will 
be far more amenable to scale-up of the process.   In the mediated approach, electrons are 
first transferred from an electrode to a soluble mediator and then the mediator would be 
oxidized by the cell. Inorganic compounds that are linked with chemoautotrophy and can 
be electrolytically regenerated, like hydrogen (H2) as well as those involved with the 









can facilitate the construction of multi-carbon organics from carbon dioxide using 
naturally occurring carbon fixation pathways.  These inorganic compounds naturally 
yield sufficient energy to support biomass growth and can be reduced via electrolysis 
(Table A1). 
 The rMFC has recently been demonstrated using electrochemically produced 
formate coupled with genetically modified Ralstonia eutropha cells that were able to 
produce isobutanol (17).  In this version of the rMFC, carbon dioxide was fixed both at 
the electrode into formate and by the cells, and the net result of the rMFC was biofuel 
production from electrical energy and CO2.   
In this chapter, we address the feasibility of using an alternative electron transfer 
mediator and chemolithoautotrophy for primary production. We demonstrate sustained 
biomass production in a rMFC that has two components: 1) an electrochemical reactor 
that produces ammonia from nitrite using electrical energy, and 2) a biological reactor 
that containing a naturally chemolithoautotrophic, ammonia-oxidizing bacterium, 
Nitrosomonas europaea (Figure 1). This organism was selected as it is a well-studied 
autotrophic ammonia oxidizing bacterium whose genome has been sequenced (18). We 
report stable long term operation of the rMFC and bioreactor, which facilitated fixation of 
CO2 via the Calvin-Benson-Bassham (CBB) cycle using energy derived solely from 
ammonia. These results suggest that this approach can be expanded to produce biofuels 
and other chemicals via genetic modification of the N. europaea cells in the bioreactor 





Strain and growth conditions 
Nitrosomonas europaea ATCC 19718 was cultured in a chemostat (2 L; dilution 
rate = 0.2 day
-1
) utilizing modified autotrophic medium (designated SynM) comprising 
(mg/L): MgSO4·7H2O (200), CaCl2·2H2O (20), K2HPO4 (87), KH2PO4 (8820), EPPS 
(2520) Na2MoO4·2H2O (0.01), MnSO4·H2O (0.017), CoCl2·7H20 (.0004), CuCl2·2H2O 
(0.17), ZnSO4·7H2O (0.01), chelated iron (1), NaNO2 (690) and (NH4)2SO4 (2,640) (19). 
Sterile aeration was provided via ai   um s fitted with 0.22 μm HEPA
®
 filters (gas flow 
rate = 7.5 L/min). pH (7.5   0.01) was controlled via automated addition of NaHCO3 (80 
g/L). Culture purity was confirmed via direct cell counts and DNA sequencing (20). 
Growth experiments with electrochemically produced media 
Upon achieving steady state removal of ammonia (defined as three consecutive 
days with an effluent NH3 concentration that was not statistically different at the 95% 
confidence interval from the three previous time-points; defined as Period 1), the 
autotrophic media described previously was replaced with spent media (from Period 1) 
that was electrochemically regenerated once or twice as described below (defined as 
Periods 2 and 3 respectively). Reactor performance was then monitored for changes in 
cell counts, nitrogen species (ammonia, nitrite and nitrate), biokinetic and stoichiometric 
parameters. Statistical comparison of parameter estimates (yield coefficients, growth 
rates and half saturation constants) from Periods 1 through 3 was performed using 




the corresponding P-values (measure of consistency among experimental values) are 
reported where appropriate.  
Nitrogen mass balances were constructed from running averages of ammonia, 
nitrite and cell count profiles, before during and after experiments to account for the 
changes in overall nitrogen loading. Carbon mass balances were also constructed by 
estimating the mass of CO2 transferred from  aeration using a 2 film model to estimate 
KLA,CO2from the measured oxygen mass transfer coefficient (KLA,O2 = 0.0054 1/s)(21), 
and the mass of bicarbonate added for pH control as well as carbon lost from cell purge. 
All experiments were conducted in duplicate. 
Biomass activity measurements 
 Oxygen uptake rates (OUR) were determined in duplicate for chemostat cultured 
N. europaea cells using an YSI model 5331 oxygen electrodes (YSI Incorporated,  
Yellow Springs, OH) connected to a dual channel meter (model 5300A; YSI 
Incorporated,  Yellow Springs, OH) such that DO readings were recorded every 10 
seconds using an automated data acquisition system (Labview 8.0). Specific OUR 
(sOURmax) values were determined by dividing the OUR values by the cell concentration 
of each sample. Yield coefficients, growth rates and half saturation constants were 





































OUAOB = active oxygen uptake due to ammonia oxidation to nitrite (mg/L) 
µmax,AOB = maximum specific growth rate of Nitrosomonas europaea (1/day),  
fS,AOB = yield coefficient for Nitrosomonas europaea (mg biomass/mg NH3-NOD) 
SNH3 = ammonia concentration (mg NH3-NOD/L), 
XAOB = biomass concentration (mg biomass as COD/L), 
KNH3 = half saturation constant (mg NH3-NOD/L). 
NOD = nitrogenous oxygen demand (1 mg NH3 = 3.43 mg NOD when ammonia 
oxidation to nitrite is considered) 
Wet chemistry and analytical chemistry 
Cell counts were performed using a Brightline hemocytometer (Hausser 
Scientific, Horsham PA). Samples for nitrogen analyses were filtered through 0.45 µm 
filters prior to immediate analyses for nitrite (Griess reagent) and ammonia (gas-sensing 
electrode, ThermoScientific, Waltham MA) (23).  Trace metal analyses (Mg, Ca, Fe, Cu) 
were performed on acidified (2% HNO3) filtered samples (0.45 μm) using inductive 
coupled plasma atomic emission spectroscopy (Horiba ACTIVA-M ICP-AES, Edison 
NJ).  
Linear Sweep Voltammetry 
Linear sweep voltammetry experiments were conducted using a µAutolab 
Potentiostat (Ecochemie, Netherlands). Glassy carbon rotating disk electrodes (3 mm 
diameter) were produced in-house as described in Gallaway et al. (24). Nickel and copper 




An Ag/AgCl reference electrode and a platinum wire counter electrode were also used. A 
sweep rate of 5 mV/s was used to scan between 0.2 to -1.6 V versus Ag/AgCl. 
Rotating Disk Electrode Constant Current Experiments 
A three electrode cell described above consisting of a Ag/AgCl reference 
electrode, a platinum counter electrode and a nickel, glassy carbon or copper rotating disk 
electrode was also used in constant current experiments. The electrode was rotated at 
400rpm and constant current of 2 mA/cm
2
 was applied for 325 s using µAutolab 
Potentiostat (Ecochemie, Netherlands). 
Constant Potential Experiments 
A three electrode cell similar to the one described above was used in constant 
applied potential experiments. Instead of a rotating disk electrode a 5 pores per inch (ppi) 
porous glassy carbon electrode with an estimated area of 13.2 cm
2
 was used as the 
cathode. µAutolab Potentiostat was used to apply constant potentials between 0.9 to 1.6 
V vs. Ag/AgCl for 1 hr. At the end of the experiments the samples were collected for 
ammonia measurements.  
Flow Cell Experiments 
The home-made flow-by electrolysis cell described in Sahin et al. was used for 
flow cell experiments (25). 80 pores per inch (ppi) glassy carbon electrode were used as 
the cathode and a dimensionally stable electrode (mesh ID 11873, De Nora) was used as 
anode. The anode and cathode were separated by a cation exchange membrane purchased 




Materials and Aerospace (California, USA) with the following dimensions (0.5 cm x 10.0 
cm x 0.5 cm). Contact to these electrodes was established using Toray paper (Fuel Cell 
Store) and conductive carbon cement adhesive (SPI Supplies, West Chester, PA).  Power 
supplies (Agilent Technologies and GW Instek Group) were used to apply 2.46 A which 
is equivalent to 49.2 mA/cm
2
 based on cross sectional area of the flow cell. A peristaltic 
pump (Masterflex, Cole Palmer) was used to flow the catholyte and anolyte at a rate of 
0.8 ml/s. pH controller purchased from Omega (USA) and was used to keep the pH 
between 8.4 and 8.6 at the catholyte. Experiments were run until 80% conversion was 
achieved and samples were collected throughout the experiment for ammonia 
measurement.  
Results  
Successful operation of a rMFC platform requires the selection of soluble 
mediators that not only support biosynthesis but can be efficiently recycled. In this study, 
we utilize the ammonia/nitrite couple as the soluble mediator. Consequently, experiments 
were designed to, 1) further our understanding ammonia regenerated via electrolysis and, 
2) demonstrate that electrochemically derived ammonia can support biomass production. 
In confirming that biomass can be produced using this approach, it is our intention to 
showcase a flexible bioproduction strategy that could be expanded for the production of 
biofuels and biochemical via genetic engineering strategies. 





Since nitrogen can have oxidation numbers ranging from +5 to -3, the kinetics and 
selectivity of the nitrite reduction reaction are highly dependent on various criteria 
including the electrolytes, cathode materials, operating conditions (25).  In this work, 
copper, nickel and glassy carbon electrodes were screened as cathode materials for 
catalyzing the electrochemical reduction of nitrite to ammonia (EpH 7.0 = 0.12 V vs. 
Ag/AgCl). Results from linear sweep experiments using a phosphate buffer solution (pH 
7; 50 mM) supplemented with sodium nitrite (50 mM) indicated that the onset of nitrite 
reduction was different for each material (Figure 2). Constant current experiments 
(2mA/cm
2
) indicated that the nickel cathode (0.65 V) had the lowest overpotential 
(additional potential required over thermodynamic potential) followed by copper (0.85 V) 
and glassy carbon (1.13 V).  Even though glassy carbon displayed the highest 
overpotential among the three cathode materials tested, it was selected for further study 
due to its biocompatibility, inertness and long term performance. 
Electrochemical regeneration of ammonia from spent culture media 
Further experiments investigated the feasibility of electrochemically producing 
ammonia from spent growth media from N. europaea cultures using the glassy carbon 
cathode. Initial current efficiencies (ratio of current for nitrite reduction to ammonia to 
overall current) of 104.5% ± 9.0 were observed in the presence of high nitrite 
concentration (50 mM); however, as the nitrite concentration decreased to 22% of the 
initial concentration (11 mM), the current efficiency decreased to 58.4% ± 4.7 (Figure 3). 
This decrease is attributed to mass transfer limitations at high conversions of nitrite and 
can be avoided by further optimizing the operating conditions at higher conversions. To 




three electrode cell set-up were performed using 20 mM nitrite in phosphate buffer. Near 
100% current efficiency was obtained under optimal operating conditions with lower 
nitrite concentrations (Figure 3 inset). These findings demonstrate that electrolysis is an 




Long term performance of the flow cell components  
No signs of corrosion and electrode passivation at the anode and cathode or 
precipitation in the catholyte and anolyte were observed in long term experiments using 
spent N. europaea culture media. However, an increase in catholyte pH was initially 
observed. This pH increase was due to production of OH
-
 when nitrite is reduced to 
ammonia at the cathode and could not be offset by the proton content of the anolyte used 
in this experiment (phosphate buffer at pH 7.0).  To prevent this increase, pH control of 
the catholyte via addition of hydrochloric acid (5 M) was performed. This resulted in 
~3% dilution of the catholyte. Alternatively, use of an acidic anolyte and a proton 
exchange membrane would compensate for OH
-
 produced at the cathode and would 
eliminate catholyte dilution in future systems. 
Operation of the reverse microbial fuel cell (rMFC) 
Once efficient electrochemical generation of ammonia from nitrite was 
demonstrated, experiments were performed to verify biomass growth using the 
regenerated ammonia. Results confirmed that this approach is a viable biosynthesis 
technology with electrochemically produced ammonia being successfully used to 




reactors. Ammonia removal efficiency was maintained above 96 % during all periods of 
operation (Period 1 (growth on synthetic media prepared from ACS grade chemicals) = 
97.2 ± 1.5 %; Period 2 (growth on electrochemically generated ammonia from period 1 
effluent) = 97.9 ± 1.3 %; Period 3 (growth on electrochemically generated ammonia from 
period 2 effluent) = 95.5 ± 2.7 %) while observed biomass yields during these 
experiments were statistically identical (Period 1 = 0.06 ± 0.01 mg biomass/mg N; Period 
2 = 0.06 ± 0.02 mg biomass/mg N; Period 3 = 0.06 ± 0.01 mg biomass/mg N; P = 0.99), 
demonstrating that the free energy efficiency of ammonia utilization for biomass 
construction (ratio of energy present as organic carbon divided by energy produced by 
ammonia oxidation to nitrite (26)) was steady (Figures 1 and A1; Tables 1 and A2). 
Biokinetic and stoichiometric parameters describing growth (maximum specific growth 
(μmax; n = 54), biomass yield coefficient (fS; n = 22), half saturation constant (KNH3; n = 
22)) were also statistically unchanged across all culturing periods ((Table 1 and A2; for 
μmax, P=0.11; For KNH3, P=0.15; for fS, P=0.48), and were within ranges previously 
reported by other researchers (27-32). Collectively these results demonstrate that the 
application of electrochemically processed ammonia did not impact the aerobic 
metabolism of N. europaea. These finding are not unexpected since all nutrients 
(ammonia, oxygen, inorganic carbon, trace metals) were provided in excess during 
chemostat cultivation and during short-term assays.  
Discussion 
Coupling electrolysis and biosynthesis in a rMFC using mediated electron transfer 
requires an electron mediator that is inexpensive, highly soluble, non-flammable, and 




electrochemical cell with low power requirements for regeneration and it must also be 
capable of being efficiently utilized by the biocatalyst.  Bacteria that have evolved to 
obtain energy from natural redox mediators will have optimized this process, and are 
likely ideal for use in rMFC systems.  Five inorganic redox active compounds that are 





H2S, H2). From a thermodynamic perspective, the minimum power required for biomass 
production, which is equal to the Gibbs free energy of formation of the biomass, is 
equivalent for these five mediators; however, since the energy state of electrons varies 
per mediator, the rate of reduced mediator consumption and subsequent regeneration is 
governed by the biocatalyst ability to synthesize biomass using the energy from the 
mediator. This ability can be quantified by examining biomass growth characteristics 
such as specific growth rates and yield coefficients for each system. Comparison of 
biomass growth kinetics and yields associated with the five mediators indicates that H2, 
H2S and Fe
2+
 oxidizers can produce biomass more rapidly than ammonia and nitrite 
oxidizers (Table A3); however, the low water solubility, high flammability and toxic 
nature of H2 and H2S require complex storage and delivery capabilities, rendering use of 
H2 and H2S in rMFCs challenging (Table A4). Similarly, Fe
2+
 is unstable under aerobic 
conditions and will undergo rapid abiotic oxidation to Fe
3+
, making storage and sustained 
use of this mediator potentially difficult. In contrast, NH3 and NO2
-
 are highly water 
soluble, less toxic/flammable than H2S or H2 and can be stored under aerobic conditions. 
Additionally, these compounds are ubiquitous as environmental pollutants, rendering 




The power required for electrochemical regeneration of the chosen mediator 
(ammonia in this case) will be impacted by the cell overpotential. Using the 
experimentally determined overpotential (Figure 2) for glassy carbon (1.13 V) electrodes 
operating at 2 mA/cm
2 
and an overpotential of ~0.400 V for  oxygen evolution (33), and 
the thermodynamic cell potential of -0.497 V a cell potential of -2.0 V was calculated.  
Using  a aday’s law and assuming 100% cu  ent efficiency, this suggests that a cha ge of 
162 Ahr is required for the reduction of 1 mol of nitrite to ammonia, resulting in a power 
requirement of 0.324 kWhr (162 Ahr x 2 V). Using the experimentally measured biomass 
yield of 0.06 ± 0.01 mg biomass/mg N (Table 1), the power requirement for biomass 
production in this system was estimated to be 0.386 kWhr/g biomass (1.93 cents per g 
biomass assuming 0.05$kWhr).  
In this study, the free energy efficiency of ammonia conversion to biomass was 
experimentally determined to be 4.81 ± 0.37% (Table 1). This efficiency was calculated 
by computing the ratio between the total amount of energy yielded from ammonia 
oxidation to nitrite during cultivation (230 kJ/mol N) to the energy conserved in  biomass 
produced in these experiments (305 kJ/mol biomass C) (26). Assuming an energy capture 
efficiency of 56.5% during electrolysis (as calculated from overpotential experiments), 
we calculated that the overall energy efficiency of biomass production in this rMFC 
combined system could approach 2.71 ± 0.21%. This was calculated by multiplying the 
energy capture efficiency of electrolysis times the free energy efficiency of N. europaea 
growth. If one further assumes that the electrical energy used during electrolysis is 
derived from solar sources (conversion efficiency of 10% (34)) the biomass production 




conversion efficiency of solar capture times the overall energy efficiency of biomass 
production. In this study, the biomass production efficiency approached 0.27 ± 0.02%. 
This level of efficiency is within the same order of magnitude as photon to biomass 
conversion efficiencies approaching 1% that is observed for contemporary photosynthetic 
systems (7).  It should be noted that while these calculations do not account for aeration 
and pumping energy requirements, they do take into account the energy requirement 
associated with electrolysis, which is expected to dominate the energy balance of this 
system.   These results indicate that despite the high energy requirement for carbon 
fixation that is endemic to all lithoautotrophs, the current iteration of this rMFC platform 
can already yield high molecular weight organic material at a level that is comparable to 
the conventional photosynthetic paradigm.   
Continuous operation of this ammonia based rMFC would need to resolve issues 
associated with nitrogen losses and inorganic carbon and proton supply. In the present 
study (2L scale), total nitrogen losses accounted for 5.4 mg N/day (2 mg N/day as 
biomass and ~ 3.4 mg N/day as gaseous N oxides (35)). This nitrogen can be offset 
through the supplementation of exogenous ammonia obtained from municipal or 
industrial (e.g. animal feeding operations) sources or from ammonia purchased at the 
market value ($0.30 ± 0.14/kg N based on 10 year average from 2000 to 2009 (36)). 
Similarly, inorganic carbon (IC) needs to be supplied to ensure sufficient substrate for 
biomass fixation (0.086 mol C per mol of nitrogen processed). Sodium 
bicarbonate/carbonate mineral ($0.09 ± 0.03/kg CO3
2-
 based on 10 year average from 
2000 to 2009(36))  or CO2 enriched air ($0.02/kg CO2)(37) can be used to deliver this 




added using a saturated sodium bicarbonate solution. Proton supplementation will also be 
needed to replenish those lost in the biomass purge stream.  
We recognize that neither electrolysis of nitrite to ammonia nor N. europaea 
growth on ammonia is novel; however, the coupling of both processes to produce 
biomass provides a significant proof of concept towards using mediated rMFCs as a 
viable strategy for producing organics from carbon dioxide using electrical energy.  This 
approach can potentially be extended for direct production of high molecular weight 
organics, like aldehydes, alcohols, alkanes or alkenes directly from CO2 (11, 14). To 
accomplish this, genetic modifications of lithoautotrophs aimed at directly producing and 
secreting high energy organics will be needed.  This will enable cells to directly produce 
biochemicals or biofuels without the need for further processing as is required for the 
utilization of biomass obtained from photosynthesis.  Obviously in these future 
application, the overall process efficiencies and yields will depend on the ability of the 
organism to channel energy and carbon away from biomass synthesis and towards biofuel 
and biochemical production pathways. Tolerance of produced toxicants could also 
constrain production. In silico simulations examining metabolic fluxes could provide 
insights into strategies for maximizing biosynthesis while minimizing unwanted cellular 
processes (38-40). Thus, the efficiency of electrical energy conversion to biofuel using a 
similar approach would not be necessarily restricted to the efficiencies obtained with this 
proof-of-principle study. Collectively, these results show that although in its infancy, 
rMFCs offer great promise as an alternative to photosynthetic primary production. Future 
work will need to explore the use of alternative mediators and genetically modified 
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Tables and Figures 
Table 1 Summary of biokinetic and stoichiometric parameters describing growth of wild-










Biomass yield coefficient 








0.50 ± 0.15 2.51 ± 0.65 0.06 ± 0.01 4.4 ± 1.6 
Period 2
b 
0.36 ± 0.07 2.57 ± 0.63 0.05 ± 0.02 5.1 ± 1.0 
Period 3
c 
0.24 ± 0.08 3.19 ± 1.34 0.05 ± 0.02 4.9 ± 0.6 
a











Figure 1 Overview of a reverse microbial fuel cell which uses the ammonia/nitrite redox 






Figure 2 Linear sweeps of nickel, copper and glassy carbon rotating disk electrodes in 50 mM 
Phosphate Buffer + 50 mM Sodium Nitrite at pH 7.0 at 400rpm. Inset : constant current 
(2mA/cm
2
) experiments in 50 mM Phosphate Buffer + 50 mM Sodium Nitrite at pH 7.0 with 





Figure 3 Current efficiency of nitrite reduction to ammonia as a function of percentage of nitrite 
converted to ammonia in spent media from the bioreactor. Inset shows the current efficiencies 
for 20mM sodium nitrite in 100mM phosphate buffer as a function of applied potential in batch 





Figure 4 Ammonia removal efficiency and observed biomass yield for continuous flow 
cultivated Nitrosomonas europaea. Period 1 was defined by growth on synthetic media prepared 
from ACS grade chemicals. Period 2 was defined by cultivation on spent media from Period 1 
that was electrochemically regenerated. Period 3 was defined by cultivation on spent media from 
Period 2 that was electrochemically regenerated. COD represents the chemical oxygen demand 











Reactions at anode and cathode Thermodynamic Cell 
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Table A2 Summary of biokinetic and stoichiometric parameters describing growth of 




Maximum specific growth rate 
µmax; 1/day) 




0.59 ± 0.19 5.5 ± 0.5 
Period 2
b 













Table A3 Thermodynamic and biokinetic properties of common inorganic electron 
mediator couples.  





































 2.5 to 7.6  0.08 to 0.11 6 to 8 Thiobacillus tepidarius 
H2/H
+
 7.4 to 10.1 0.51 to 0.55 7 Ralstonia eutropha H16 
C6H12O6/CO2 25.2 0.36 to 0.60 6 to 8 Escherichia coli 
1
Further details provided in (1), (2-4) 
2











Table A4 Physical, thermodynamic and biokinetic properties of ammonia, nitrite, iron 
(II), hydrogen sulfide and hydrogen. 




 H2S H2 



















690 N/A N/A 260 560 
OSHA permissible 






50 N/A NR 14 NR
5 
1
- Values (13, 14) 
2
- Values are for iron sulfate(13) 
3




PEL - OSHA Permissible Exposure Limit (PEL) for general industry(16-18) 
NR- OSHA does not report a PEL; N/A - not applicable 
5





Table A5 Current Efficiency in the flow reactor in spent media from wild-type and 
genetically N. europaea. 
Percentage of Nitrite 
reduced to Ammonia 
Spent Media Spent Media and 
Isobutanol 
11 104.5±9.0 95.2±13.8 






Figure A1 Ammonia removal efficiency and observed biomass yield for continuous flow 
cultivated Nitrosomonas europaea (Replicate 1). Period 1 was defined by growth on 
synthetic media prepared from ACS grade chemicals. Period 2 was defined by cultivation 



























































































Period 1 Period 2
Total N Load = 
259.6 ± 13.1 mg N/day
Total N Load = 
209.7 ± 53.5 mg N/day





Concentration of Nitrite Reduced to Ammonia (mM)






















Spent media from wild-type N. europaea
Spent media from genetically modified N. europaea
 
Figure A2 Current efficiency of nitrite reduction to ammonia in spent media from wild-
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Chapter 6: Performance of Glassy Carbon and Nickel Cathodes used for Reduction 
of Nitrite to Ammonia for use in Biofuel Production 
Abstract 
Use of chemolithoautotrophic bacteria coupled with an electrochemical reactor to 
produce biofuels is a promising alternative to existing biofuel production technologies. 
Previously we have discussed the development of proof-of principle electrochemical flow 
reactor for reduction of nitrite to ammonia which is the natural redox couple for 
chemolithoautotrophic bacteria Nitrosomonas europaea. In this chapter we studied the 
mechanism of nitrite reduction to ammonia in buffered electrolytes in the pH range 
between 6.0 and 8.0 using linear sweep voltammetry and electrochemical impedance 
spectroscopy. A limiting current plateau was observed for both cathode materials used. 
The limiting current plateau was determined to be due to flux of protons to the electrode 
surface which is controlled by the diffusion of phosphate buffer to the surface. 
Additionally performance of nickel and glassy carbon cathodes have been investigated 
using marathon studies. It was observed that the overpotential of glassy carbon electrode 
decreased by ~500 mV over 10 days which would correspond to 24% decrease in power 
requirements for the electrochemical reactor which is expected to be the dominating cost 
for overall process.  
Introduction 
 Sustainable biofuel production from renewable energy resources is an area of active 
research. Technologies such as ethanol production from corn (1), biodiesel production 





One of the challenges in developing these technologies is the low efficiencies related to 
photosynthesis. Biomass production from photosynthesis has a maximum theoretical 
efficiency of 11.9 % and in real systems only about one percent efficiency has been 
achieved (4). Recently, efforts have been made to find alternative biofuel production 
methods to avoid these low efficiencies. One such alternative method is the use of 
chemolithoautotrophic organisms that can be genetically engineered to synthesize 
biofuels. Chemolithoautotrophs use chemical reactions as their energy source instead of 
photons captured during photosynthesis. When coupled to an electrochemical system that 
can drive the chemical reaction chemolithoautotrophs can convert CO2 to biofuel 
providing an alternative method that bypasses photosynthesis.  The reducing equivalents 
required for this process can come directly from an electrode, direct electron transfer, or 
from a redox couple, mediated electron transfer. Organisms such as Geobacter 
sulfurreducens (5, 6) and Shewanella putrefaciens (7) have been reported to participate in 
direct electron transfer. The main challenge in designing a system that involves direct 
electron transfer is the scale-up. For direct electron transfer, organisms need to be 
immobilized at the electrode surface which leads to internal and external mass transfer 
limitations. On the other hand when a redox couple is used as a mediator the 
electrochemical reactor and bioreactor can be spatially and temporally decoupled which 
allows for simultaneous optimization of both processes. A list of redox couples capable of 















and NH3/NO2 (8-11). Desirable properties for a mediator couple include fast 
oxidation/reduction kinetics at the electrode as well as in the bacteria, low cost, 





  Previously we have demonstrated coupling of a bioreactor containing   
chemilithoautotrophic bacteria Nitrosomonas europaea with an electrochemical  reactor 
that is used to recycle the redox couple used by this organism, NH3/ NO2
-
 (12). Li et al. 
demonstrated the production of isobutanol and 3-methyl-1-butanol using Ralstonia 
eutrophia which is a lithoautrophic organism that uses the redox couple CHOO
-
/CO2 (11). 
For both these systems power requirements for the electrochemical system are expected to 
be the dominating cost of the overall process and therefore optimization and design of the 
electrochemical reactor used in mediator reduction is essential. For the reactor that is 
coupled with N. europaea bioreactor this involves study of nitrite reduction to ammonia at 
buffered neutral electrolytes.  
 There are only a few studies that focus on nitrite reduction in buffered neutral 
solutions but a lot can be learned from the immense literature present on nitrate reduction. 
Catalytic activity of different cathode materials such as copper, nickel, platinum, glassy 
carbon, tin and bismuth as well as some bimetallic cathodes have been investigated for 
nitrate reduction for low level radioactive waste water treatment (13-17). The goal in this 
application is to reduce nitrates to nitrogen gas which is harmless for the environment. 
However the main challenge is the selectivity of the reduction process. Nitrogen has 
oxidation number ranging from +5 to -3. Therefore there are a large number of side 
products form based on the electrolyte composition and pH, choice of cathode and 
operating conditions. In the basic electrolytes found in low level radioactive waste 
treatment nitrate reduction to nitrite was identified as the rate determining step (18, 19). 
The final product of electrolysis depends on the steps following this nitrate reduction to 





acidic electrolytes the reduction proceeds very smoothly as a result of  homogenous 
autocatalytic reaction in the electrolyte (21). In weakly alkaline and neutral solutions 
nitrite reduction is investigated due to applications of nitrate removal from electrolytes 
used in ion exchange process for drinking water treatment. These electrolytes contain high 
concentrations of regeneration agents such as sodium chloride and sodium bicarbonate. 
Bouzek et al. reported in these electrolytes the reduction kinetics of nitrate is limited by an 
unspecified surface phenomena (22).  
 Electrochemical and surface analysis techniques such as rotating ring disk electrode 
(RRDE), Fourier transform infrared spectroscopy (FTIR), differential electrochemical 
mass spectroscopy (DEMS), electrochemical quartz crystal microbalance (EQCM), on-
line electrochemical mass spectroscopy (OLEMS), surface enhanced infrared absorption 
spectroscopy (SEIRAS) were employed by different groups to determine the intermediates 
involved in reduction and the mechanism. Using EQCM Tada and Schimazu determined 
surface coverage of absorbed nitrate during reduction on Sn-modified platinum electrodes 
and concluded that the rate determining step is reaction of absorbed nitrate with 
hydronium ion (19). Reyter et al. observed the same absorption phenomena using EQCM 
with copper electrodes and reported two potential regions with different reactions in the 
first one nitrite is reduced to hydroxylamine and at more negative potentials direct 
reduction of nitrite to ammonia was observed. It was also reported that, during long-term 
electrolysis, hydroxylamine was not detected as a product because it is rapidly reduced to 
ammonia (23). Groot and Koper identified large amounts of NO
+
 during reduction and 
suggested that NO
+
 instead of nitrate is involved in actual electron transfer (24). Ammonia 





RRDE to detect electroactive intermediates such as NH2OH , OLEMS for volatile product 
and FTIR for other intermediates. In acidic media NO was identified as an intermediate 
that is further reduced to N2O. Whereas in basic electrolytes nitrite was observed to reduce 
to NH2OH followed by a reduction to NH3, however the pH range between 4-13 was not 
investigated in this study (25). Rima et al. used SEIRAS and determined that adsorbed 
NO2 was reduced to NO either via direct conversion or via IR-inactive surface nitrite 
species on platinum electrode (26). 
 Even though catalytic performance of many cathodes and the mechanism of 
reduction in different electrolytes have been investigated, there are only a few studies on 
long term performance of these electrodes. Long term performance of nickel and lead 
electrodes were tested for use in low level radioactive waste water treatment at Savannah 
River Site. Nickel and lead were previously determined to have high destruction 
efficiency of nitrate in batch electrolysis experiments. Both materials showed a decrease 
in performance after 50 hours of operation in the flow reactor. In 1000 hr experiments 
lead did not show any further decrease in performance compared to 50 hr experiments. 
Other components of the electrochemical system such as the cation selective membrane 
and anode were also tested.  Good stability of nafion was observed but anode materials 
such as oxygen evolving dimensionally stable anode (DSA), platinized niobium and 
platinum clad niobium anodes showed signs of failure after several hundred hours (27). 
Li et al. reported an increase in surface roughness of Cu-Zn electrodes after 5 hr of 
electrolysis (28). This change led to passivation in electrolysis experiments performed at 





Reyter et al. reported loss of activity on copper electrode after the first few minutes of 
electrolysis which could be reversed by using a square wave potential pulse (23). 
      In chapter 4, we have outlined the criteria for design of an electrochemical reactor 
for use in biofuel production and studied performance of different cathode materials in 
growth media for N.europaea (29). We reported that nickel cathodes had approximately 
~500 mV less overpotential than glassy carbon electrodes (29). Comparing the 
performance of fresh glassy carbon and nickel electrodes the latter is potentially a better 
candidate, however the performance of the cathode materials in long-term operation 
should be considered as well. In this chapter, we report nitrite reduction at nickel and 
glassy carbon cathodes in the pH range 6.0-8.0 in phosphate buffer solutions, as well as 
the long term performance of these cathodes using electrolysis, linear sweep voltammetry 
and electrochemical impedance spectroscopy in phosphate buffer solution at neutral pH.  
Experimental  
Chemicals and Reagents 
 Sodium phosphate dibasic, sodium phosphate monobasic, sodium nitrite and 
ammonium sulfate were purchased from Sigma-Aldrich. Glassy carbon rotating disk 
electrodes with 3 mm diameter were prepared in house as described (30). Nickel rotating 
disk elect odes we e   e a ed by  lating nickel using Watt’s solution on 4 mm diamete  





Linear Sweep Voltammetry 
 Linear sweep voltammetry experiments were conducted using a µAutolab 
Potentiostat (Ecochemie, Netherlands) and a Pine Instruments rotator.  A three electrode 
cell set-up as described in Sahin et al. (29) consisting of Ag/AgCl reference electrode and 
a platinum counter electrode was used. 50, 100 and 300 mM phosphate buffer containing 
various concentrations of nitrite at a pH range of 6.0-8.0 were prepared fresh before each 
experiment and the exact concentrations used are listed in the captions for each figure. 
Linear sweeps were performed at a sweep rate of 5 mV/s scanning between 0 and -1.6 V 
vs. Ag/AgCl. All the experiments were done in duplicate. Fits to the linear sweep data 
were done using Sigma Plot non-linear equation fitting software.  
Electrochemical Impedance Spectroscopy 
The same three electrode cell set-up described above was used for 
electrochemical impedance spectroscopy experiments. The experiments were performed 
at constant cathodic current density of 2 mA/cm
2
 , in the frequency range of 100 kHz- 0.1 
Hz with 9 measurements every decade. Linearity of the response was verified by 
applying a range of perturbations and a perturbation of 1x10
-5
 A was used for subsequent 
experiments.  Data was collected using Nova 1.5 software and fitted using ZSim 
software. Each experiment was done in duplicate. 
Marathon Study 
Glassy carbon and nickel rotating disk electrodes were submerged in 50 mM 





electrolysis was performed using a two electrode set up consisting of the rotating disk 
electrode and a platinum mesh. 2 mA/cm
2 
current was applied. Every 24 hours linear 
sweep and electrochemical impedance spectroscopy experiments were performed in fresh 
solution in the three electrode cell set-ups described above. Experiments were continued 
for 10 days and replicated 3 times.   
Results and Discussion 
Linear Sweep Voltammetry 
In chapter 4, we observed a limiting current plateau for both nickel and glassy 
carbon electrodes (29). When glassy carbon was used this plateau was shifted toward 
more negative overpotentials, overlapping with hydrogen evolution making it difficult to 
observe. On both nickel and glassy carbon electrodes the limiting current increased 
linearly with the square root of rotation speed but did not depend on nitrite concentration 
at concentrations higher than 10 mM (29). In this study we further investigated the cause 
of this mass transfer limited plateau region. Reduction of nitrite to ammonia in neutral 
solutions is shown in reaction 1. 
   
             
         Rxn1 
 
 As shown in reaction 1 nitrite reacts with protons at the electrode to form ammonia and 
water. Since nitrite was not the limiting reactant we conducted experiments at different 
concentrations of ammonia and protons which are candidates as limiting product and 





mM phosphate buffer solution with 5, 10, 15, 100 mM ammonium sulfate. As shown in 
this figure the addition of ammonium sulfate does not affect the limiting current plateau.  
 Figure 2 shows polarization curves at 100 mM phosphate buffer at pH varying 
from 6.0 to 8.0. It is observed that as the pH decreases current density increases. The 
increase of limiting current density with increasing proton concentration suggests that 
current is limited by the flux of protons to the electrode surface. Figure 3 shows 
polarization curves at pH 7.0 at different phosphate buffer concentrations. As the 
phosphate buffer concentration increases the limiting current also increases. This result 
suggests that the current is limited by the flux of protons to the electrode which is 
determined by the flux of phosphate buffer to the surface.   
The effect of pH on nitrate reduction was studied previously by others under 
different conditions. Duca et al. studied the effect of pH on nitrite reduction and observed  
an increase in current density with decreasing pH in the pH range of 0- 3.0 (25). After 
analysis of this result the authors concluded homogenous phase reactions that depend on 
pH must be an integral part of the nitrite reduction mechanism  Similarly Rutten et al. 
observed an increase in current density with increasing proton concentration range of 
0.45- 2.7 M  and reported both formation of nitrosyl ion from HNO2 and the 
electrochemical reduction were both contributing to this change (31). Munoz and 
Schultze observed the same trend at a higher pH range (3-8) and suggested a 3 step 
mechanism that involves absorption of nitrite to the electrode to produce N2O as the final 
product (32). In our previous study we observed that the main product of nitrite reduction 
at pH 7.0 in phosphate buffer was ammonia. Therefore we suggest the mechanism shown 





buffer in the bulk solution, diffusion of phosphate buffer to the electrode and nitrite 
reduction reaction at the electrode. If we assume Tafel kinetics at the electrode which can 
be represented by equation (1) 
           
       
  
       (1) 
where     is concentration of H2PO4
-
 at the electrode surface and k is the reaction rate 
constant. We can substitute the equation for     shown below  
     
       
  
      (2) 
where    is the concentration of phosphate buffer in bulk solution and    is the limiting 
current density given by the Levich equation below and: 
   
     
  
     (3) 
where s, is the stoichiometric coefficient and δ is the diffusion layer thickness and is 
given by: 
                          (4) 
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 a aday’s constant, 96485 C/mol and α, transfer coefficient is assumed to be 0.4 based on 
impedance data presented in the next section.  
The fits to the data are shown in figures 2 and 3 with grey lines.   Based on these 
fits we can conclude that the limiting current plateau is due to the diffusion of the buffer 
species to the electrode which determines the flux of protons required for nitrite reduction 




 cm/s for 
nickel cathodes based on figures 2 and 3.  
Electrochemical Impedance Spectroscopy  
Figure 5 shows Nyquist plots for nickel and glassy carbon electrodes at a pH 
range of 6.0-8.0 in 100 mM phosphate buffer and at pH 7.0 at phosphate buffer 
concentrations of 50, 100 and 300 mM. For nickel electrodes above pH 7 and for all 
solutions with glassy carbon electrode two semicircles are observed. Based on 
mechanism proposed in figure 4 we suggest that these semicircles are due to diffusion of 
the phosphate buffer species to the surface and nitrite reduction to ammonia at the 
surface. To test this we build a simple model for this mechanism.  
During a transient the total current density is the sum of faradaic, if, and 
capacitive current, iCDL, as shown below: 
               (6) 
where capacitive current is: 
        
 
  





Faradaic current density for this mechanism is described by Tafel equation in 
equation (1). The faradaic current density depends on the potential, (V-φ), and surface 
concentration of buffer species,   . Perturbation of the form: 
                               (8) 
where      is a complex function, is applied to all dependent variables. The first order 
expansion of the faradaic current density with respect to potential and surface 
concentration of buffer is given below. 
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The partial derivatives are given below in equations: 
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        (11) 
The complex function,      is derived by solving the convection, diffusion equation for an 
RDE and was presented previously by Scherson and Newman in detail (33). The equation 
below is obtained for the complex function: 
    
 
   
 
        
      
    
 
    (12) 
Substituting equation (12) into equation (11) and equations (10) and (11) back into 
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The overall complex impedance is given by 
  
    
    
     (14) 
When we plug in equation (13) into equation (14) we get the following equation for the 
overall complex impedance. 
   
 
   
 
  
     
 
  
        
 
        
      
    
 
   
  
     
 
  
        
 
        
      
    
 
      
   (15) 
Equation (15) can be rewritten in terms of circuit elements as shown below: 
      
     
              
     (16) 
where Re is electrolyte resistance, ZD is Warburg type diffusion term and Rt is charge 
transfer resistance. Zsim software was used to fit this model to impedance data in figures 
5 and 6. The data is shown with symbols and the fits are presented by lines. Based on this 
data transfer coefficient for nitrite reduction on nickel was determined to be 0.4±0.18. 
Marathon Study 
Long-term performance of the glassy carbon and nickel electrodes were investigated 
using marathon studies. As described in the experimental section these electrodes were 
used in constant current electrolysis experiments and their performance was measured 





6 shows the polarization curves and Nyquist plots for the two cathodes. For the glassy 
carbon cathode ~500 mV shift in potential is observed after the second day. Additionally 
formation of a film was observed on glassy carbon after the second day. This film 
formation also coincides with changes in the Nyquist plot. We observe a significant 
change in shape of curves after the second day. For the nickel electrodes no trend is 
observed for the  ola ization cu ves. The im edance measu ement doesn’t change with 
time. However, formation of a black film is observed after the first day. To quantify the 
change in polarization curves rate constant, k, can be plotted as a function of time as 
shown in figure 7. It is observed that initially the rate constant for glassy carbon electrode 
are significantly lower than those for nickel but after 2 days they become very similar.   
We previously observed film formation on copper electrodes during bulk electrolysis 
experiments after 1 hr (34). Other groups also have observed such films and reported 
passivation due to formation of the films (14, 28). Experiments with X-ray photoelectron 
spectroscopy (XPS) (see Appendix A) were inconclusive in determining the chemical 
composition of the film.  
Conclusions 
In this paper nitrite reduction to ammonia was studied in phosphate buffer 
between pH 6.0-8.0. Linear sweep voltammetry experiments were performed and a 
limiting current plateau was observed. The effect of ammonia concentration, pH and 
buffer concentration on the plateau were studied. Changes in concentration of ammonia 
did not have any effect on limiting current. However, it was observed that the limiting 





voltammetry and electrochemical impedance spectroscopy were used in marathon studies 
to monitor the change in electrode performance over time. Formation of a film was 
observed on both cathodes. The overpotential for nitrite reduction on glassy carbon 
decreased by 500 mV in 10 days whereas no significant changes were observed for the 
nickel electrode.  
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D  diffusion coefficient, cm
2
/s 
F   a aday’s constant 96500, C/mol 
i  current density, A/cm
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j  imaginary number, j
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n  number of electrons 





R  gas constant, 8.314 J/mol K 
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T  temperature, K 
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α  charge transfer coefficient 
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η  electrode overpotential, V 
κ  electrolyte conductivity, 1/ Ω cm 
ν  kinematic viscosity, cm2/s 
ω  frequency, s
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Tables and Figures 
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Figure 1 Polarization curve of a nickel rotating disk electrode in 100 mM phosphate 
buffer at a pH of 7.0 with 50 mM sodium nitrite and 0, 5, 15, 100 mM ammonium 









Potential (V) vs Ag/AgCl
































Figure 2 Experimental polarization curves (black lines) and fits to data (grey lines) for a 
nickel rotating disk electrode at 400 rpm in 100 mM phosphate buffer and 50 mM sodium 









































Figure 3 Experimental polarization curves and fits to data for a nickel rotating disk 









Figure 4 Schematic showing nitrite reduction at the electrode and acid-base equilibrium 





























































































A-Glassy Carbon B-Glassy Carbon
 
Figure 5 Panel A-B and C-D show Nyquist plots for glassy carbon and nickel rotating 
disk electrodes, respectively, in 50 mM sodium nitrite at pH 6.0-8.0 (panels A and C)  in 
100 mM phosphate buffer and at pH 7.0 at phosphate buffer concentrations of 50,100 and 
300 mM (panels B and D). Experimental data for impedance is shown with symbols and 
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Figure 6 Panel A-B and C-D show Nyquist plots and polarization curves obtained on 
glassy carbon and nickel rotating disk electrodes in fresh 50 mM sodium nitrite and 50 
mM phosphate buffer at a pH of 7.0 as a function of time during the marathon study, 
respectively. Both impedance and polarization curves were recorded for a rotation speed 
of 400rpm. The scan rate for the linear sweeps was 5.0 mV/s. Experimental data for 

































X-ray Photoelectron Spectroscopy (XPS) experiments were performed on glassy carbon 
and nickel electrodes after marathon studies. As mentioned earlier formation of a film was 
observed on both cathode materials. To study the characteristics of this film, samples were 
prepared by applying constant current (2 mA/cm
2
) to nickel and glassy carbon plates with an 
electrode area of 0.12cm
2
. The electrodes were then washed thoroughly and placed in a vacuum 
oven for 3 hours. For glassy carbon plates the temperature in the vacuum oven was raised to 
80
o
C to avoid off-gassing during XPS experiments. A PHI 5500 ESCA (XPS)/ISS Spectrometer 
was used for XPS experiments. The settings used in each experiment are listed on the figures. 
Figure A1 shows the XPS survey for a glassy carbon electrode with peaks for sodium, 
oxygen and carbon. No peaks are observed around 400 eV region where the signal for nitrogen is 
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Figure A1 Survey for glassy carbon electrode (EV/step 0.8 eV/s, Time/Step 100 msec, number 







 In order to determine the atomic concentration of the species observed in the survey and 
to see whether nitrogen is present, multiplex studies of each region were conducted. Figure A2 
shows the results of a multiplex experiment. In this plot atomic percentages for carbon, nitrogen, 
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Mux Summary - baseline subtracted:
RegionA.C. HeightArea FWHM
C 1s 43.18248 446 1.049
N 1s 0.99 5 17 0.161
Na 1s16.02649 946 1.333
O 1s 39.82569 976 1.395
 
Figure A2 Atomic concentrations of carbon, oxygen, sodium and nitrogen determined in 
multiplex experiments for glassy carbon electrode. (EV/step 0.1 eV/s, Time/Step 300 msec, 






 Similar experiments were also conducted for nickel electrode figure A3 is an XPS survey 
and figure A4 is the result of a multiplex experiment. In the survey experiment nickel, carbon, 
sodium, oxygen and a small amount of nitrogen are detected. In the multiplex experiment 2.97 % 
nitrogen was detected but these experiments were inconclusive in determining the nitrogen 












Figure A3 Survey for nickel electrode (EV/step 0.8 eV/s, Time/Step 100msec, number  of 
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Mux Summary - baseline subtracted:
RegionA.C. HeightArea FWHM
C 1s 45.30222 371 1.170
N 1s 2.97 32 39 1.103
Na 1s9.28 287 430 1.345
Ni 2p0.97 88 97 0.923
O 1s 41.48323 810 2.379
 
Figure A4 Atomic concentrations of carbon, oxygen, sodium, nickel and nitrogen determined in 
multiplex experiments for nickel electrode.( EV/step 0.1 eV/s, Time/Step 300 msec, number of 








Chapter 7 Conclusions 
In this thesis two applications of using electrochemical methods coupled with biological 
elements are presented: electrochemical biosensors and biofuel production from electricity. In 
chapter 2 a novel dual enzyme electrochemical biosensor for detection of organophosphates 
(OPs) is demonstrated. The dual enzyme biosensor consists of organophosphorus hydrolase 
(OPH) which is capable of hydrolyzing a wide class of OPs and horseradish peroxidase which is 
capable of   detecting various phenolic leaving groups that result from the hydrolysis of OPs.  A 
model compound, dichlofenthion which could not be detected with existing electrochemical 
biosensors is detected. Additionally reverse phase HPLC is used for determining kinetic 
parameters for hydrolysis of dichlofenthion.  
In chapter 3, guidelines for electrochemical biosensor design with an immobilized 
enzyme layer are outlined. Depending on the application of the biosensor the design goal might 
be to develop a sensor with target sensitivity, limit of detection and/or linear range. 
Dimensionless variables that affect these targets are identified and plots showing the effects are 
presented. An electrochemical formaldehyde biosensor was designed to demonstrate use of these 
criteria to design a biosensor.  
The second application presented in this thesis is biofuel production using electrical 
energy. To demonstrate this, a reverse microbial fuel cell consisting of chemolithoautotrophic 
bacteria, N. europaea and an electrochemical reactor that is used to regenerate the natural redox 
couple of N. europaea was described. In chapter 4, a proof of principle electrochemical reactor is 
developed for reduction of nitrite to ammonia with high current efficiency. In chapter 5, this 





coupled reactors were operated for over 30 days. The ammonia removal efficiency of the 
bacteria and biomass yield did not show any statistical difference when electrochemically 
regenerated mediator was used instead of synthetic media.  Based on this data it was concluded 
that the coupling of the reactors did not have any impact on aerobic metabolism of the bacteria.   
Once the growth of bacteria on electrochemically reduced mediator was established, the 
performance of cathodes was studied in more detail using linear sweep voltammetry and 
electrochemical impedance spectroscopy. In the pH range required by the chemostat a limiting 
current plateau was identified and determined to be due to flux of protons to the electrode 
surface. Marathon studies were conducted to study the changes in performance of cathodes with 
time.  
 
 
